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A STUDY OF CRYSTal COCILLATOR CIRCUITS

Signal Corps Contract No. Dia-16~039-ec-6L609

PURPOSE

The purpove of this project was to develop usabtie ci.ou .4 and
sowni techidguss of cperaticn for VHF crystal oscillators and to davelop
s method for the aesign of crystal cecillstor circuits to Le used in the
frequency rangs of 0.8 to 150 mc. This design sethod is applicable for use
by designers of electrunic equipment which requires the uwse of crystal
cecillators for frequaency control.

The progrma was rarried out in seversl phases; a study of the
aprlicable literature, selecticn of circuits showing the wmost desirable per—
fermince characteristics, exparimental verification of circuit performance,
selection «f circuita for detxiled cdenigr s.udies, determinmation of
operation for 3 wide variation in component values, and developmemt of
deaign method for VHF cryztal oscillators.

Circuit design data was also obtaine. f2r cecillators in the 10
to 75 m< range ana combined with hat available for antiresonant circuits
in the range 0.8 to 20 mc. This was then coordinated to yield a method of
design for crystal oscillators over the complets 0.8 to 150 me frequency
range. Yeasibility of circuit operation at f.eq crncies up to 200 mc was

2.80 investigated,
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A STUDY OF GRYSTAL OSCILIATOR CIRCUITS

Sigul Corps Cantract Mo. DA-36~039-sc-6L60Y

ABSTRACT

A cocplete design method for crystal oscillators opsrating over
the 0.8 to 150 mc frequency range is presented. Investigation of & variety
of series resunant oscillator circuits is described in detail, covering
varicus aspscts of perfermance characteristica., Thé criteria used to
select the OQrounded Grid and Cathods Couplsa tircidts fur detailed invest-
igation are given. In addition, the reasors for selecting the Capscitance
Transiormer Coupled oscillator. a circuit developed during the contract
period for use with sutminiature tubes, are discussed. Loop gain equations
are developed for several circuits and relative merits of the circuite are
analyted by use of tlLie equations, supported ty experimental results,

The development of the design method is reviewed, chowing the
reav!ting establishment of relference circuits for eich oacillaicr type,
capable of operating over the frequency range a.d plate supply voltages,
and having deairavls psricrmance charscteristica., Ry varying 2ircuit com-
ponent and parameter valuss, mezsurcments of ths resulting performsance
changes were outained and plotted. [Py normalizing these graphs with respect
to the reference circuit compor.2nt values, a set of curves were obtained
whieh Aonin ne nmed o peeiicol Ul parformancs of an cscillator ocwer s wide
range of operating conditions

Finally, a compicte desi gn method, in the form of graphs and
tables, is presented for the two series resonant oscillators operating in

the 10 to 150 mc frequency range. Design informatian is also given ror the
ARMCUR By SELARCH FOUNDAT OMN OF rLe MO S NST . THyTE OF TaCHNOLOGY
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Orounded Grid and Capacitance Transfommsr Coupled oscillators, which
operate with sutminiature directly heated cathode tubes. over the frequency
range of 75 to 156 mc. ihree antiresonant circuits, the Colpitis (Orounded
Plate Pierce), the Eiectron Couplsd Colpitta, and the Miller oscililators,
have been iavestigated. Together with informstion alread: avai lable from
a previous contract with Wright Air Development Center on Colpitts
oscillators, a design method for these circuits is presented to cover the
0.8 to 20.0 mc frequenzy range. Ccmplete circuit descriptions, construct.on
dotails, tuning procedure, design examples, and perfommance information
(wnich includes frequency stability, frequency-temperature effects, and
harmonic cantent) are given.

Parformance of the two series resonant circuits at frequencies
up to 200 mc is included. However, design information is not established

above 150 me,

ARNGUR RESEARCH FOUNDATION OF fLL MO s TRSTITUTE OF TECHMROLOGY
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PUBLICATIONS, LECTURES, rEPORTS AND CONFBRENCES

Ths following infcrmation applies from 15 May 1955 to 1L August 1957:

PUBLICATIONS: A paper, entitled "The Effecte on the Frequency of VHF
Crystal Oscillat-rs Resulting Frem the Use of a Compensating
Induc’ance®, by H. B. Oruen and A. O. Plai%, was presented
to the A.T.E.E, 1054 Technicsl Papera Contest on 3} April 19%,
and was awarded Second Prise.
LECTURES: Papsrs war ,resented at both the Tenth and Eleventh
Frequancy Control Symposia by H. B, Gruen, at Asbury Park,
Kew Jersey. The fivsi, entitled "Deaign Data for Crystal
Oscillatore®, was given on 16 May 1956. The second, entitled
"Design Criteria for Vacuum Tube Crystal Oscillators, was
given on 9 May 1957,
REPORTS: None
CONFERENCES: The Tollowing dates and places refer tc projeact conferences
heid during the course of this program. Mirutes for eacn
mesting were prepared and submit-ed to the U. S. Army Signal
Rngineering lLaboraeorivs arm sre on file for raferv..cs.
Dats Place
U, 35 Juns 19°9 ARF
6 October 1955 ARF
5, 6 Jenuary 1956 USASEL
23 March 19%: USASEL
i 2 Augusi 1556 ARF
30 October 1956 USASEL
12, 13 Februaiy 197 ARP
22 Merch 1957 USASEL
26 June 1957 ARF
LA MOUR RELLIARCU SOLIMODATION TF L WO NMITTLTE OF TECHNOLTS
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A _STUDY OF CRYSTAL OSCIILATOR CIRCUITS

I. INTROPUCTION

T i{s ia the final report on ARF Project No. E-0SC, sntitled "A
Stuly of Crysisl Cecillator Circuits®, This program was conducted for the
Prequency Contrnl Branch of the U. S. Army Sigrnal Enginsering laboratories,
under Contract Wo. DAY-U35-8¢-6L609, The initial rontract dates werc from
15 May 199 to 1L May 19€€. This wae later extended to 1k Juguat 1957,

The need for precise frequency control in modern military communi-
catione ecuipment and stable sources for UHF and microwave frequency stabili-
ration har ed o conside -able inveatigation of pletoelactric quarts crystals
and their appiicati.n in pucti‘cnl oscillator circuitse., With the muvccessnful
oroduction of thickness-shear mode, high frequerncy, series-re=zocnant crystal
units, it has become necescary that the deaigner n? electronic equipment
utilize these units in prectical oscillator circuits, thue eliminating
frojquency maltiplier stages which require additional power and <pace. A&n
imnortant additional requirement of these circuits is that they remain stable
for s wide variaty nf onsrating conditinne,

It has beer the purpose cf thie program to develop usable circuits
and sound techniques of operation of the VHF crystal oscillators, and to
develor a mathod of design nof crystal oscillators to be used irn tha frequency
rangs of 0,8 to 150 ma. A atraightforward design approach for circuits of
this type should prove extremely useful to designers cf elsctronic equipment
roquiring crystsl oscillaters for freguancy control.

The {nitia! technical requirements called for the ‘'avelopment of

P ey P - A NOCA
I¢I Beries Lo iU ml

[ T s
LBt LiLade {

en o)

il

ARMO B ML LARS M FECO WDATION D oo MO S MSTHTLUTE OF TECHNOLOGY
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rarge. Later, the contract was revised to include the deve lcpment of design

5 10 tc 150 &¢ rangs. Ina

perforsance data for antiresonant oscillators, covering the range from 0.8
1o 20 mc, was to be iicorporated intn the avarall program to provide
oscillator design data for the entire range of 0.8 to 150 mc, Data for the
antiresonant circuits was taken primarly from the results of a previous
program, but was rechecked and extended to cover the necessary frequency
range.

The design of practical crystal oscillators has been approached
by many designers on a cut-and -try tasis. Mathematicil design procedures,
although possible if all circuit characteristics are known, are so complex
the. their uss is wot practical. The analysis is often simplified by making
various assumptions to the point where little cuantitative information re-
mains, The information presented here correlat=< the two approaches. A
simple linear loop gain analysis yielded gualitative inlc-mation whicl was
supplemsnted by performance measurements to provide quaniative information
for the design graphs.

A number of crystal oscillators wure investigated to determine thosse
circuite having the most desirable perforsance chiracteristics. The selected
circuits, which were the Grounded Grid incd the Cathxde Ccupled zeries re-
sonant oscillators and the Cclpitts (Groundsd Plate P.erve), Electron
Coupled Colpitts, and the Miller anti-resanant circuits weré then analyzed
tu determine specific characteristics over a wide range of operating con-
ditions. A s:ngle circuit Configuration for each cscillator typs was
chosen tc operate over cres-ribed frequency ranges. By virying circuit com-
ponents through a range of values and msasuring the resultant performance,

a Campliete set of vesign o.ta wmas ottained,

AR» DL R e S AR UMD AT o w 4 cuo MO8 [RE S IR RIS O 4 [N TR HRMOLOG ¢
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The design diasplay for the veriss rescnant circuits resulted from
the generalizatian of performance characteristics over the renge of fre-
quencies and plate supply voltages. Qnce ths performance of the circuits
was deterained, output volitage, vuilput power, crywtal power, and circuit
component variation characteristics werv normlized . un respect to the
recommended circuit values.
of this repnrt discuse the resulle of the
literature survey and performance comparison upon which the selection of the
most desirable ci--uits is based, preliminary design inforaation, and the
design format develo,ment. The final sectlon details the design method
and provides design sxamples of each circuit type.

In general, output voltage predictions are within 20 percant of
the vilues indicated for specific oscillator circuit designa. Oryatal
dri'e prediction sccuracy is within 3O percent. This latter figure is
tasad on measurements of cryital voltage and assumed resistive operation of
the crystal,

Additianal studies of the selected series resonant circuits were
made to determine the feasibiiity of their use up te 200 mc. Parformance

Boasurements reveal.d lower outfut mmd a more criticsl tuning procedurs.
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II. SURVEY AMD SEIZCTION OF CIRCUITS

The progras for selection of the best avaiiable circuits and
developwent of cperationel techniques in the 75 to 150 mc frequency range
wa2 initiaied with & survey of the literstwre to determine the circuits
applicable for use at these frequencies. This initial swrvey revealed a
total of twelve circuit types which sare known to have bren used or investi-
1gated for wae ot frequencies above 50 ac. The majority of these are ssrics
resonant types. Two are antiresanint types and ane utilizes an impedance
inverting network to transform the low series-rescnant impedance o a
high impedance for operation in the conventional antiresonmant circuits.
Basic achematics of these circuits are shomn in Fige. 1 through 12.

The Cathode Coupled circuit snown in Fig. 1 consists of a grounded
grid amplifier driving a cathode follower, lhe crystal operates at series
resonance Letween thw two cathodes, and forme the upper arm of a voltage

divider. The lower arm consists of the ampllifier input impedance where

the lesdbaca volitage 1s developed. 1If all stray capacities are com—
pansated, and the plate LoDk (= tuned to rescnance 2t the cpersting fre-

quency, the crystal will operate at series resonance. When this circudt
13 tuned {or maimum voltage output or peak griu current the operating

frequency increases with increasing "Q“ and impedance of *the plate tank,

B

3G decicoasws with Gcroasing o pecitive phase shifi in e osihbade circuits.
A3 a result, st frequancies in the range of interes=t, operation will

normally be below series resonance with uncoxpensated cathode capecitiea since
high impedance tank circuits are Jdifficult W obtain in the average tuned
circuit above 75 mc. The catrhude foilower can be designed to provide zero-

phase ghift by proupe: balance of the grid-to-cathode and cethode-to-gr~und
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FIG. 2 —— TRANSFORMER COUPLED OSCILLATOR.



capacities. This circuit provides mcierate power output at low cryetal
drive levels and is a relatively simple circuit to adjust at frequencier
up to 150 mc. The greatsst disadvantage of this typa is that two tubes
are required, and even trouzh twin iriodes are available the greater nower
requirement is a distinct disadvantage.

The Tranasformer Coupled oscillator of Fig. 2 consists of a
grounded cathode amnliier in s tuned-plate ‘:med-grid arrangsssnt. A&
pentode having low grid-to-plate capacity is required to prevent oecillation
when the crystal ia removed. If a triode is used neutralization is re-
quired. Feedback voltage is obtained from & tap on the plate coil and is
fed to the grid transformer through the crystal. Either the plate or grid
transformer wust provide a 180° phase shift to assure oacillation., If the
plate and grid circuits are properly tuned and the leakage inductances of
the two transforwers are tuned by C; and C,, operation will be at the series
resonant [requency of tha crystal. Previcus investigat‘lomz of this ecircuit
indicate that broadband (12 to 20 mc, bandwidth) operation ren t2 ob*. {nad
-in basis with this circull, however, this resuits in operating
the crystal off resonance, Jperating frequency is o’f resonance by as wuch
&s 28 ppm for a frequescy differing by 10 percent from design center., The
circuit is useful at frequencies up to 150 mc; howsever, adjustment is ro-

vively difficuii. rHigh levels of powsr cutput srv. -obtainable but st the

i

expense of high crystal drive level.

The CGrounded Crid oscillator circuit shown in Fig. 3 conaists of
s grounded grid amplifier, whose driving signil s obtained from a tap on
the autotransformer located in the plate cirvuit. Operation is a. series

resonance of the crystal if the plate and cathode circuits are properly
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tuind and 1f the leakage inductance is resonated wdsh C,- The cireutt

is relatively simple to adjust in comparison to the transformer coupled
circuit,the piug-in bandwidth is somewhat narrowsr, and the ratio of power
output %o crystal drive 1s only slightly less than that obtained with *h-
transformer coupled circuit.

In the grounded plate circuit of Pig. L the tube is comnected is
a cathode follower shich drives the crystal at series resonunce. The grid
1 the grid circuiu,
Witih the exception that this circuit is readily adaptable to electron
coupled operation it of fers no distinct a .vantage over the tranaformer
coupled or grounded grid rircidts,

The circuit of Fig. 5 is the well known circuit used in the T8-&8)3
and other Crystal Impedance meters. The circuit consists of two impedance
transforming networks to match the high level grid and plate impwdances to
the low value of the crystal netwark., This circuit is also kncowm as s line
coupled o#ciiiatur, tne two i1mpequnce transforming networks being con-
sidered as transmiassion line sections. This circuit is very weful for
détlérmi.ing crystal resistance by the substiiution msthod, Lut its low
pomr output and complicated circult limdit 1%s use as a scurce of high
fryquency pcwer,

The Capacitance Bridge circuit is shown in Fig., 6. This circuit
nas peen gescrited in detall by Mason and Fnir}. It performs well in the
75 to 200 me¢ range whon properly ad‘'usted, tut ita complicated vircuit and
tend. to free run unless ad usted very carefully d¢ not warrant iis use

in military equipment.
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The Bridged "T® Oscillator circuit shom in Fig. 7 has also bean
investigated for use in the VHF rlngoh. This circuit when properly ad justed
operates the crystal at approximately series resonancs. With the resulting
low impedance path through the crystal this circuit configurstion resembles
that af the familiar Colpitts.

The circuit of Fig. & shows the Colpitts or Grounded Plate Pierce,
antiresonant circuit. This circuit 13 in wide use in military equipments et
lower frequencims. For high frequency operation the cathode choke is choasen
such that tlie cathode-to-ground impedance is capacitive only in the range
of the desir~d cvertone, For lower than the desired order of cvirione this
branch is inductive and proper phase relationa do not exist, Previous in-
vestigators hive been reluctant to consider an .ntiresonant circult for high
frequency overt/me operation dus mainly to the low impedance level developed
by typical high freguency crystals et antiresorance. This type of circuis
does offer certain advantages such 8 circuit simplicity and epse of adjust-
ment and may be used successiully with crystals of ~v‘remely high quality,

Fig. 7 snowe the circuit of the Impedince [nverting t<erce circuit.
Circuits of this type utili’e an impedance inverting uotwork to transform
the low series resonant impedance to a Liigher impedante vaiuve [Or use in
the conventional antirescant circuits such &s the Pierce and Miller, These
circuits are relatively s mple to adjust at cne [recuenty but operate only
Over a very narrow bandwidth. ihe power outju. .0 - L.ficncy sre low and
the vircuit does not perform well above 100 mc.

The Lister’ “ircuit of Fig. 10 utilizes the crystal in an anti-

resonant arrangueent in the grid circuit, The grid cirvuit catl 1a ad fuwt,

to present an inductive reactance to the crvstal, The circuit then operstes
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FIG. 9—INMPEDANCE INVERTING PIERCE OSCILLATOR

FIG. 10-—LISTER CRYSTAL OSCILLATOR.
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as a tuned-grid tuned-plate oscillator with the crystal ope=ating in the
capacitive reactance regior. The ope ating frequency is thus below ths
serics reoonance of the crysial. ReBasonatle values
tut adjustrent is difficult, and unless done very carefully, uncontrollsd
oscillations close to the desired .requency W..l be obtained.

Two series mode circuits suitable for use with high reaistance
crystals have been described ty Heegneré. These are the Transitron and
Feedback crystal oscillators whose circuits are shown in Figs. 11 and 12.
These circuits can be made to operate at single frequencies as high as 150
mC when carefully designed and adjusted. FHowever, only when extremely high
resistance crystals are used do these two circuits offer diatinct advantages
over the mors straighifcorward types.

Table | summarizes tha more important cha-acteristics of these
twelve circuits, From this table and the precsding discussion, selection
of the most promising circuite for further study was made, On the basis
of circuit efficiency and ease of adjustment reported in the literature
three circuits were selected for further immediate investigation for general
use. These were the Cathode Coupled,Transformer Coupled, and Grounded Grid
circuits. 4Additional information was obtained on their performance to deter-
mine which of these should receive the most extensive development during the
remainder of the program. Aall have distinct advantages for certain
applications, Ths Bi.idged "T" and Colpitts circuits were also subjected to
further experimental investigtion before final evaluation was made,

The Jrounded Grid circuit provided satisfactory operation at
72 mc during initial investigation, Ratios of power output to crystal drive

N
i

-
<

n - .- P -
0 anda 30 Lo 1 were oLlained.
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FIG. I1—TRANSITRON CRYSTAL OSCILLATOR.
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FIG 12— FEEDBACK CRYSTAL COSCILLATOR
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Cireuit Type Power Prive Bam dw4 4th Prequenscy Moo of
Output Level (mumed) Remge Adjustmemt
Juthade e 24 um Low 5=10 mo to 150 meo Bimyle
Coupled
Tran of ermer Eigh Mo dium 12-20 mo 20-150 me M frioult
Coupled
OGreunded Medium Low 12-15 mo 20-150 mo Simple
orid
Oroum ded B aium Ne di wm 1 == 20-125 me Diffioult
Mate
c. 1. Leow VYariadle - te (20 ms | Relatively
Botar Diffieult
Capasitanee - - Nerrew T5«200 we Yery
Bridge Difficult
Bridged Mg Modium - - -
I’I
Celpitis Nodd v Low - - simple
mtirovenmt
Impedance Low Low Yery te 100 we | 8imple at
Inverting Ba. row e Freq.
eter Bigh Medium Yarrow te 150 mo Vory
Mrfigult
Tremeitram Low Low Sarrew te 150 me | Rejatively
(Bosgner) pAffioult
Peedba vk - - - - Diffiocult
(Beegmer)

TAI'3 1 - COMPARI NN OF HIGH VREUIRCY CRYSTAL OBCILLATOR CIRCUITS
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and sdjuatment is streightforward. Frequency c¢f operation is somewhat islow
the crystal reries rescnent freguency unless all tuning, including that of
tne transformer leakage inductance, is carefully done, Howevaer, operstion
at seriss resanance is very sasy to obtain if the oscillator is oparated
only at one frequency.

The Cathode Coupled circuit is the simplust to adjust of any high
frequency circuit. The ratio of power output to crystal drive is lower for
this circuit thas for other high frequancy circuits, and the requirement
of two tube secticns is a lecided -isadvantage. however, the extreme circuit
simplicity and straightforward operation warrant its use in many applicatiens.

freliminary investigations of the transformer coupied circuit
have shown it to be very difficult to adjust for proper operation, and thus
to be too critical for most military applications. Although previous in-
vestigaticns indicated good operation with this circuit at frequencies of
SC to 60 mc, comparable results were not obtained at 72 mc.

Further investigation of the selected circuits was poie at
specific operating frequencies {n the range of 75 to 150 mc. Specific
attention was given to comparative data obtainad by means of evaluation of
the circuits with regard to five parameters, These parameters are:

&, Crystal Driving Power; computed from the voltage measured
across the crystal and the seriss resonant ~—ystal resistance,
as msasured 1. Crystal Impedance Meter

b. Output Power; computed from ths measured output voltage across

a known load resistance.

s
.

Power Ratio; +he rztic of output voWer to lrystal driving

power,
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Tegquency, where f ir determined hy ume of the
Crystal Impedance Metsr and fo is the oparating frequency
when the circuit is tuned for maximm output.

.. Afb . fo = Iy expressed in parts per million of the nominal
crystal frequency, where rb is the frequency obtained when
the plate sunyly voltage has been changed oy ten percent, the
circuit not heing retuned.

The values of the rarsmeters resulting from the tests made on the

various circuits were cowpiled arnrl averages determined. 7his informatiunm is

presamtad in Tables 11 through XIV below.

A. Cathods Coupled Oscillator

The circuit of Fig. 13 is typical of the Cathode Coupled circuits
used for comperstive psrformance tests. Tgble II indicates the parameter
values for selected crystals opersted at various plate supply voltage iavels
(B+), at 75 mc. ‘Tables III, IV, and V show typical operation at 105, 135
and 150 mc recpectively. Some performance information was also obtained
at 170 mc byt 18 not indicated here because of {ts similarity to the per-
formance at 135 mc.

The data shown in Table II, for operation at 7% =~, resulted f.om
use of & circuit having an untuned cathode circuit ir *-e oy ded grid
stsge. The circuit was .um; .eted witrn, a 1000 ohw 1°:.ode resistor. When
tiis cathode circuit is tune.u as shosm in Fig. 3, performance is comparable
to that ottained at the higher ‘requancies. [t was ‘mtermined from tnis

T3t the cathodes o re it moouid e taned 1. ort i peasonanle

performance at frequencies at "' -2 .nd above.
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Crystal | | 2, ‘l PP, | bf, Ar;{
voits | mw | m - ppa | ppm
703 100 Ou7 1.3 i.9 -8.5 - l
R, =22 125 1.2 | 3.4 2.8 -8.6 2.0
M o | e 59| 23 | e | -
o 100 | 0.2 1. 505 | <i2.5 -
Ry*51 125 | 0.6 | 2.6 | L. [-1a 1.5
stma 150 | 1.5 53| 35 |-8.0 -

TABLE II - CAYBODE CCUPLED OSCILLATOR PREFORMANCE AT 75 mo.

Srystal L | ?, PPy | Af, Aty
| velte -y - - P Ppm
L 75 1.0 2.9 3.0 8,5 -
- SRV 100 | 2.3 7.7 3. -3.8 2.2
shas 125 | LeS | 1646 3k 0w -
$828 5 1.0 3¢5 3¢5 ] =55 -
R, =60 100 | 2.9 | &5 2.5 } -3.8 el
ohms 125 6e3 | 17.7 2.8 L-l.o -

TABLB III - CATHODR

CUPLED OBCILLATGR PEEPCMARCE AT .
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P

Crystal B [l . (e | ar, | o6
volts - - - PP Ppm

fox 100 Ouli | 5oL | 23,5 | -35.2 -
R, ~90 125 1.8 | 72.2 | L0.3 | #13.2 | 14.3
— 150 Sy [1%5.2 25.0 | +36.5 -
$°31 100 0.5 1 8.7 | 17.4 | -23.2 -
Ry=125 gy 2.9 | 2.2 8.y | - 2.8 22.j
chne 150 3.9 | 57.8 | 14,8 | .8 -

TABLR IV - CATHODE COUPLED OSCILLATOR PERFORMANCE AT 135 nmc.

Crystal P r, P, P | Afy | DRy
volts v - - pym PR

LS5 100 0.7 | 0.8 1.1 ‘ =6.3 -
Ry ~60 125 1.5 | 3.2 2.1 *1.4 -
mhas 150 2.9 | 6.7 2.3 +5.0 L7

®is 100 0.9 | 1.8 2.0 | =18,3 -
R, 100 125 2.5 3.9 1.5 | -11.3 8.2
e 150 L2 | 8.2 1.9 | =32 -

TABLR V - CATEODS COUPLED OSCILIATCR FrORmiCR AT 150 mo.
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B. Orounded Orid Oscillator

The drovnded Orid oscillator circuit is shown in Fig. li. This
circuit is typical of those used for comparative psrformance deter=ination.

Jperational parameters wern quite good, w.th r-‘atively high
power ratios and . -w crystal drive levels. At the higher frequencies, the
circuit becomes somewha’ more 4Aifficult to adjust, although performance is
still good.

Tables VI through I indicate circuit performance obtained from
the preliminary tests.

C. Transformer-Coupled Oscillator

The transformsr-coupled oscillatar, Fig. 15,consiste of a grounded
cathode amplifier in a tuned-grid tuned-plate arrangement. A pesntode having
low grid-to-plate capacity is required to prevent cscillation when the
crystal is removed from the circuit, MWeutrs.ization is required for triode
operation. The feedbeck voltage is obtained fiom a tap on the plate tank
~cil and is fed through the crystai to the grid transformer, Either the
plate or grid t nsformar must supply the necessary 180° phase-shift to

piate and grid circuits are proparly timed and

the lsakage inductances of the two transforsers are cancelled ty tuning C1
and CZ' operation wil. ™ at the seriss resonant point of the crystsl.

The additicn ~f tiese tuning elements m:ke the t: . nsformer-coupled

. U e . o Wt ma alwma

s OTWSVID, ws t =mes

cenatructed and &lignea, 1. was noted that the crystal drive was axcessively
Ligh and an wislysis of the circu ¢ was mkce to determine :! an improvement

of operation could be accom .® “1ed,
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Cryctal » ry | R PPy | ar, 14fy
velte - - - Ppm Ppm
'705 75 2.8 7&5 207 '1900 -
Ry w22 100 Lel | 16.0 Lo -11.0 1.4
ehme
125 5.5 | 33,0 6.0 - 5.0 -
707 75 0.3 8.0 27.0 - o2 -
Ly 707 100 0.8 | 13.3 | 16.6 - 3¢9 | L.O
ohms
125 2,5 | 3.3 14.5 ¢ 3.1 -

TABLE VI - GROIWDED GRID OSCILLATOR PERFORMJACE AT 75 me.

Crystal be ?x | R ) I, ar, afy
voltse - - - Ppm ppm
§30 50 0,2 2.1 10.6 ~11.1 -
Ry=lo 75 14 9.8 6.8 - 2.7 -
ohms
LELY] L&-’-& 2‘&-2 5.5 6 7.6 2.8
28 50 0.2 | 2.5 | 15.3 -11.5 -
E'w 75 -03 9-6 7-)-& ¢ 0,8 -
ahme
100 6.2 | 2402 3.9 *13.3 | L.2

TAKLE YII - OGROUNDED GRID OSCILLATOR IERFORNANCE AT 105 me
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Crystal I R NV N AT V.Y N
velts - - i - ppR pr
.32 175 1.0 | 16,2 16,2 ~10,5 | 6.6
Ry =90 200 2.8 | .2 | 140 - 0.5 -
ohms
25 Sl | 72.2 | 13,3 + 9,9 -
3 M 0.7 | 12.8 18,3 -17.% -
R=125 0 175 | 2.0 | 8.8 | ik | e0.8) 7.
ohms
L | 200 L 3.9 | S51.2 | 13,2 +25.7 -
TABLB VIII - GRO'MDED ORID OSCILLATOR PERFORMANCE AT 135 mo,
Crystal B« | P | p, P/Py, | Af, Arﬂ[
velts i l = - ppm ppm !
L5 60 1.0 | 2,0 2.0 -18,6 -
| Ry=60 70 L. 8,7 ! 2.0 -10.5{ 6.0
i oams ; |
| 75 | 6.0 130 2.2 -9 -
t 1 1
L7 ’[ 70 1 .4 3.5 2.5 -16,7 ; - T
| i !
| [ ‘ v | |
! ._:;10 ! 75 | 5.2§ 8.5 2.7 -13.8 ¢ - :
L 80 j 5.L 1 1%L | 2.5 -10.0L 5.2_"

RE LA W w

GRID OBCILLATOR PERFORMMICE AT 150 me,
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Table X shows opcrstion of the circuit at 75 =mc.

Reference to Figure 1SB shows an equivalent configuration of the
basic circuit. The total drive voltgg> .L’ iz distributed acroas the
crystal resistance at resonance, R,, and \he transformed enwdvalont input
resistance of the tube, lg. ihis input resistance is & function of the
cathode lead inductunce, trensit time affecis, transconductance, and varios
tube constants. It {7 well knosm that as frequency increases, the input
reaistsnce of s tube decTeasss. This input resistance is reflected into
the the crystal circuit by means of an autotransformer. Oenerally, tie
maximum coupling coefficient for air core inductors is 0,50. Therefors, the
reflected rssisiance is in the order of ten percent of the cryatal resist-
ance, causing excessive crystal driving voltage.

For a typical coil used in the circuit at 75 mc, & 4,000 otm input
resistance was transformed to only 6.0 ohms in the crystal circuit, It can
be shown, by means of coupled circuit theory, that the reflected resistance
ia a function of the mutual inductance of the ccil. In turn, this induct-
ance is determined by several constants of the coil, which are not raeadily
variablas, due to circuii characteéristics, Hence, the magnitude of ihe
reflected resistance is fairly fixed, for operations in the desired fre-
quency range,

The alternate transformer-coupled circuit of Fig. 15c was tried
with aimilar resulta. 4Itnougn power raillios and stebility were m
tne crystal drive levels were prohibitive.

D. Coipitts (Grouned Plate Pierce) Antirescnant Oecillator.

The basic circuit configuration of the Colpitts oscillator is

shown in Fig. 1b. For overtone operation, the cat .ode ~hoke coil is

LB RS | Bi b AR W FOUMND AT D N iE [ NS IRY NS T Y e D TECHNDLOGG Y
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Crystal Be | P | P, |PafPy | 4f, | &7
velse - - - ppe PR
#7013 75 2,2 | 8.2 %7 -£1,0 -
) W 100 7¢3 | 1745 5.4 -27.0 3.1
dl‘. ,
1% 12.8 @.0 5.3 J "17.0 -
P07 75 Ve Oseillatioms Osourred
Re=51 100 2.5 [17.5 7.0 -23.0 3.4
ehms )
150 | 16,0 | &8.0 L3 -.0| -

TABLE X - TRARSFCRMIR COUPLED OSCILLATOR PERFORMMICE AT 75 mo.
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range of the desired overtons., For overtones of a lower order, this in-
pedance brancii is inductive and the proper phase relations no lorger exist,
Furthermore, to sustair cscillations under resistive _ryatal conditiocns, it
is known that the Figure of Merit, M, of the crystal must bec at least 2.0
and preferably greater.

Since oecillations could not be obtained at frequencies higher
than € mc, it was decided to deterwine what tha Pigure of Merit was for
operation at this frequency. The following paraweters were cslculated:

fn = 60 mi. (nominal)
£ = 59992020 cps (series resonant frequency)

f.

5999595C cps (parelle. rescnant frequency using & 10 mmfd load
capacitor)

af = 393 cps (f, - fq)
C, = 7.0 smfd (crymtal static capacity)
Cy, = 10.0 wafd (load capacity)

30 ohams (effective resistance -f the cryvtal at antiresonance)
¢, = 0.00223 mmfd (crystal series arm capaciiy)
L) = 3.1 mh (crystal series arm inductance)
From this information it can be calculated that,
] = 39,000 (seriss arm Q)
P1 - 2340 ohme (1/(2nf Cp) R,)
and M~ 5.1 (Q/r, where r = (CO . CL)/CI)
To cbtain larger values of M would require lowering the value of
Cp or lowering the resistance of the crystal. The valus of Cy could be
lowered bty tuning it out with a suitab.e inductance. However, this irans-

forms the cArcuit intc a lLister configuration, with iis attendaot
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disadvantages. Sinca the resistance of this Crystal is already far below the
maxisum rating specified by MIL-C-30984, typical crystals would not operate
even at this frequency.

E. Bridge. "T* COscillator

The bridged "T* oscillator, when properly adjusted, operates the
crystal at appraximately series resonance. With the resultiig low impedance
pati through ths crystel, this cireuit resembles that of the familiar
Colpitts. Fig. 7 indicates the circuit cwmfiguration used for testing the
bridged “T% at 75 and 105 mc, ihe literature describves uvp itian of the
oscillator, with good results, in the VHF frequency range. Inis was con-
firmed with good operation at 75 and 105 mc., 8tability of this circuit for
changes in plate supply were found to be vury good at 75 mc, but at 105 me,
the stability is comparabie to that of other circuits tested, However,
adjustment of the circuit at both frequenc.es wus extiremsly difficult. It
was difficult to adjust the grid drive capacitor and remain within tha
prcper operating ranges of the reacnant elements, consisting of the plate
tuning capacitor and the series "T" indu
rritical.

Tatles X1 and XII below indicaite operation at the testing fre-
Qquencies.

Severai metnods ci improving Irequenc; Corielation were trisd. One
method, rated in the literature, simply consisted of & tuned coil in parallel
with the crystal unit By tuning this coil to & frequency much highe than
the series resonant point of the crystal, frequency correlation was improved
greatly. Howsver, this brute force method of opsration was re jacted since,

unfortunately, no norrelrition between the recui™sd 1nductance and the
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[Cryetal B | P g | Af, [ AR
voltse - - - ppm Ppm

770; 100 1.3 | 1.6 1.2 ~19.5 -
<2 125 3.8 | 3.9 10 | -19.0 -
shae l 150 7¢3 | 7.2 1.0 1‘ «16.0 | 0.7

o7 | 100 [ 0el 0.7 7.0 ) ~11.8 -
3 125 f 0.6 | 2.7 L5 - 9l ~
hee | 130 ; 1.2 | 5.6 | L7 ! 8.2 1.7

TARLE X1 - BRIDGED "?" OSCILLATOR PERFOMMACE AT 75 me,

Crystal B ] P, P, [P | 81, | Any
R A B . - Lol WO
| 830 75 Ceé | 142 2.0 -12,3 -
! :
R0 | 100 2.1 | L8 2.3 -12,7 | 2.6
-—ne ! f
125 L9 (110 |23 0 -3 -
| . —— 4 — J .
x| 75 09 1 L | 16 | -3 | -
Ry =60 i 100 | 3@ | 5.0 | & | -ih5 ) 2.3
chne i
| 125 [ 6.0 [11.6 | 1.9 -19,7 -

TABLR 111 - ERIDGED 1" OSCILLATOR FERFONMANCE AT 105 me.
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opsrating frequency could be found. Uther wethods used to improve Afy had
undesirabls sffects cn the crystal drive level, since thsse methods relied
on specific chanyes in the value of the grid drive capacitance.

F. Conperative Circuit Performance

Tablo XI7! liwts comparative performance obtained from ths four
sevies resonart circuits st 75 and 105 mc. The values listed are averages
taken over all crystals and supply voltages used and represent typicsl
ebtainable parformance. The four circuits tysted and evaluated at 75 mc
include the Cathode Coupled, Transformer Coupled, Orounded Orid and Bridgsd
"T* oscillators. The Traneformer Coupled was not wsiea at 105 ac, since
anaiysis of the circui indicated tnat crystal drive would ba prohibitively
high.

ihe difficulty encountered in tuning the Bridged "T" tends to
Bake 1t less acceptable than the Cathode Coupled and Qrounded QOrid circuite,
Although stability of the Bridged *T" was found to be quite good at 75 »c,
both the Cathode Coupled and Orounded Orid circuits yleld comparable stibil-
itic St higber frequencies. The Orounded Orid circuit also poviden greater
cutput power. On the hasis of thesa results the area of study was narrowwd
to the Cathode Coupled and Crounded Orid circuits and detailed desiga in-
formation was obtained fcr these two circuits in the 75 to 150 m- froguency
rangd, Comparative perforssnce st 135 and 150 mc is s:own on Table XJIV.

ne= zf the vwo clircuita

‘a comraralb
2 compharat.

Kl

_- to that ahtainaed
at lower frasquancies. Good power ratios wesre obtained witl nominal levels
of crymial drive. rrequency stability ia somewnat poorer dus both to lowsr

quality crystals and more critical circu.t adjustment. fiowever, Lhis changs

is only a few parts per million ’or a nen percent change in supply voltage.
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TABLE X111

Fre jusnaoy .

135

| 156

Civeutt . Py | P, | Pl | Aty | Afy
|
t7ps ! - | .~ - Ppm rm
Cathade L0 16,0 Lo 9 2.0
Coupled ‘

T i - —
Transforeer 8.0 Lo.o 5.0 lo 3.0
Coupled

S ou S - ;_4}_.‘
Gream dod hao 5010 1205 8 305
Grid
t —
Rridged 3,0 7.0 2.3 9 1.0
'?i , i
e e i N . e s i
Cathede 2,5 | 11.0 | Loy ] 3,0
Coupled | | ’ | '
e S
Grounded 5.0 0 3.0 6.0 9 | 35
Grid | ‘ i
- ) o1
8ridged | 3.0 | 6.0 2,0 iy 1 30
o ! ! ; |
P i i -

~ COMPARATIVE CIRCUIT PERFORMAMCE A2 75 and 105 mw,

Cirouit .

type
Cathode |
Coupled

Groun ded
urid :
Cathode

faunlad
arled

Grounded
Grid

i ’ob; -
- 1
) 6.5
T ¢
10.0 j
L 6.0 T
8.0

Aty | Afy ]

4 !

137 ] ppm |

PR

5 1 5|

2

) . 1
8 7

|

- {

10 5 ;
12 6

IO S

TABIR XIV - OCMPLRATIVE CIRCUTT PERTORMMCE AT 135 and 14 mo.
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Oa the tasis of the parformance information presented atove,
the Cathode Couplad ind (rcunded Orid circuits were selected for development
of detailed desigu data for general appiication. This development and
design method are discussed in later sections of this report, However, otiwer
circuit arrangsments have particular advantages for certain apecial applica-
tions. For example, when filament-type tubes are used it is convenient to
use a grounded cthode circuit coafiguration. Cir.uits investigated
spacifically for use with filament tubes were the Grounied Grid, the
“eedback or Heegner, the Bridgad "T" and the (Capacit nice Trans{ormer Coupled
circuit, the latter circuit was conceived during the course of this program
for this spe:’~ic application.

Completely satisfactory results were obtained only with the
Capacitance Tranaformer Coupled circuit. Some information was obtained
on the Jrounded (rid circuit utilizing & 5971 subminiature triode but the
circuit opyraies as & crystal stabilized oocillator rather than a true
crystal controiled circuit. Az & result the circuit is not as stable as
o4y be desired and ia prone to uncantrolled oscillationa, However, this
datas slong with complata parformanca information cn the CTC circuit is con-
tained in Section IV of this report., Nothing close to satisfactory operation
was obtained with the Fredoack or Bridged "T" circuits with the low trans-

conductance tubes available.

During the course of these preliminerv seasurements certain con-
structicnal and component characteristics common to xli circuite were deter-

aineC and are d.scussed in tha following pervgraphs,
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The aifficulties encountered in desig.ing circuita to operate
above 100 mc cenier arcund two main conaiderations: circuit layout and
component characteristics, In the freqoency rangs of interest, the usual
care in layout of the circuit may bte adegquate; however, several problems
encountered will be discussed here, Proper grounding of elements is !
difficult. to obtein., at these frequencies, the lengths of laads connecting
various grounded components have considerable inductive reactance. It was
found that if the center post of the tube socket was the primary grownding
source, with minimm lead lengths to cther poinis, measuremsnt problems and
spurious circiit responses ware winimized, Filament decoupling netwarks
were wired directly at the socket to oliminaie undezirable cathode pickup.

This was also done for the plate networks. Because of lead inductance, the

use of the gria—dip oscilistor method of aligning coils is meda more difficult.
Extranecus responses sometimes overshadow the true coil resonant point; how-
ever, proper by-passing eliminates this trouble. I¢ was also found that
in order to check a coil in the circuit, it wss sometimes necessary to short
out any otner tuned inductance in the oscillator loop which might produce
an errunecus responae.

it is well knuown that craponent impedance characte :stics in the
frequency range of interest differ from their characteristics st lower
frequencies. HResistors of high ohmic vaiue are genera lly s lightly cap-
acitive; however, the resistance values vary considsrably with frequency,
For 5000 omm half-watt coamposition resistors, the actual measured values
ranged {rom 20 parcent to 30 percent .ower. At twice this value, errors
PEOACEE ware 2 righ aa SU percent or more. Capacitors tend to become

inductive due t lead length, tris effect being more severe for higher
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capacitarce valuss, Small values of capacitance, of aboit 100 mafd or less,
exhibited good reactance charucteris.ics. Small silver mica capacitors
show very little loaw, but disc and tubular ceramic capacitors show parallel
loss resistances as low as a few hundred ohas.

frystal unils ueed in the program were, in generul, obtained from
sither USASE]L or commercial mawnufacturers. All the types used wers wire
mounted units, placed in HC-&U or HC-18/U holders. Specifications for
rystals operating abere 87 me are not available. Howsvaer, for the desired
frequency range, fifth or seventh overtone units were used, sssuming a
maximum series resonant resistance of &0 ohms up to 125 mc and 100 ohms to
150 m. Osnerally, commercial units having these specifications were
cbtainable, Unfortunately, f{sw manufacturers have hid success in pro-
duc:ng reliable units, Common problems included crystal fracture end ex-
cessive series rescnant resistance, Very few units ex...ited spurious
zodes.

Crystal parameters were measured in the T5-683/TSM Crystal Im-

pedance Meter. However, for measuremsnt of high frequency units, the

O VIR 7: P P POy R T - P e e L) Ted o or = =
AR/ TSW-1 =ab . ade availabls 1o the program. This astor s capabtle of

testing crystals in the 75 to 200 mc frequency range.
Tre power dissipation of & crystsli as normally messured is a
finction of both ~rystai resistance and the voltage across ! t, Accurscy
of power deierminaiion is ' hen deperdent on ithe accuracy of urysial rm—
pedance and voltage measwements. 1ne accepted method of determining crystal
Tt L L teasSusemdnt in a crystal imp ce meler such as the
TS-0C3/TSM. When a substitution resistui, Laviig thc same value aa the re-

s.stance of the crystal, is p.aced .:n the CI meler circu:t, tne frequency of
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operation and tha grid corrent will remain the same as that odtained with
the crystal. This metbod yields a wewsurewani of crysial neiwrk resistance
at the operating frequency with an accuracy of a few percent. Substantial
errora in the megsured value cf crystal drive level may be introduced by
voltmeter inaccuracies and non-sinusoidal crystal voltage wavefnrme. BKven
an exact rms value of crystal voltage does not necessarily resutlt in an
accurate pewsr determination since the crystal network offers different
values of impedance tc the hammonics present in tne feedoack circuit and
contained in the voltage waveform across the cryst:l network. Using the
rus voltage reading and the measu-ed :ryatal resistance to compute drive
level results in an indicated drive higher thar, the true value with non-
sinusoidal waveforma,

hrin

ng the comparative narformance investigation of the different

pa
crystal oscillators an effort was made L0 decrease the errors in drive level
determination due to crystal voltage caasurement difficuliles. Drive level
Beasurement reported previously had basn determined by weasuremsnt of the
voltage tetwsen sach side of the c¢rystal and ground and taking their
difference. Diode detector circuits were built into each experimental
circuit to provide the individual readings. It was found that considerable
error in difi'rence voltage measuremsnts iz caused by dissimilarities in
the chardcteristica of the diodes. This caused aifficulty in actual
Beasurement 58 well a8 in comparison of performince of all the circuits
3ince each contained a different pair of diodes. in order to imrrove the
accuracy of measurement «nd comparison of circuis perforr-nc. ssveral voli-
dge Baasuring techniques nave bean investigated and one method was cChosen

wrich resulted in & prowe design yleidiny sreatly improved crysta. voltage
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messureaents.

The firet method tried consisted of a dusl crystai probe used in
conjunctinn with a modified vacuus tube voltmeter (VTVM). Theé circuit of
the dual probe is identical to that of the test oscillstors except that 2
pair of 1N9O diodes are used because of their smal) size .n comparison to
that of the 1IN3L, The VIVK is modified by adding an attenuator in the grid
that i3 normally returmed to ground through a contact bias network, This
attenuator circuit, which is wired onto tha range switch section in place
of the ohmmeter rangs resistors, is similar to the normal attenuator, except
that it has a potenticeeter in the ground end. this is adiusted for tero
indication, when both diodes are receiving the nzme signal voltage, which
changes the sensitivity of one metaring section to compensate for dis-
asimilar diode craracteristics. The modified portion of the VIVN is shown
schrmatica.ly in Fig. 15, This systea results ‘n considerasble izprovement
aver the use of individual voltage readings when the probe circuit 1a wired
into the te.t chassis, but it is difficult to maintain balance when 1u: ¢
intc the form of a prove. The voltage indication :s not only a functoa. of
vo.lage difference but alsc of the level of voltage into each side of the
meaduring systeas. S.nce one of! the Prime purposes of a redesigned crysta;
voltage indicator is for compariscn of vrystel drive in different circuits
& wired-in probe circuit is not practizal.

To elimirate tie pivblea of btmlance being & functicr of signal
isvel a differentisli probe was constru-ted having the circuit shown in Fiyg,19,
This circult utilizes twe dicdes connected te provice the tirferen « . . tage
al the output of the probe. A Lalarce potentiometer s ¢ onnected at e

volitage readout point which in turm 38 ronnected to a4 standard -TYM.  Wren
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properly balanced and using sn infinite impedarce meter, the output voltage
i2 one-half of the trpe Aifforoncs voltugs, However, this varies in praciics

with input level because of dissimilar diode characteristics. By using a
matched pair of diodes (1N35) the variation with input level iz decreased
but ¢ calitration curve as a function of input level for each pair of
diodes is .necessary to obitain rigsonable e:curacy.

Since a direct indication of difference voliage is preferrabie,
2 1N3S matched diode pair =mas used with the wodified VIVE. This proved
satisfactory but could not be built intc the desiiad prode arrangement ove-
cause of .ise requiremants. To alleviste this problem a matched pair of
“1ughes 1K67A's (MP-30024) wers wired into the test chassis and perforwed
satisfactorily. However. when these were installed i1 the compact probe
arrangesnt the indicatad differenca voltage again appesred to be a function
of signal input level, though not to the extent uvxperienced with the INI,
diodes used fn the first probe design. Further investigation showed this
effect to be due to improper shorting of the two probe inputs for zero ad-
Justasnts,

1t was found that the ase of siailer shorting methods for both tne
probs arnd the diode test circuit provided improved results. Additional tests
srowed tnaet same of tre remaining difficulty was due t> nonlinearity of the
vacuam tube circuits in the VTV¥., This is reduced to acceptatle limits y
the meter balancing technioue. Balancing and tero adjustment can test be
Axpisined by reference to the complete probe circuit whicn is stown in

Fig. <¢C. T> balanca the meier and reacd true differ-ntia. voitage the probe

ia firm

t plugged inte the rryztal sockst of & circult under testi. Tne prove
!s then shorted by riugging & rrvelii base, having s ,~o0d radie freguancy
B, R RE Ll AR Foumbar ~ R LIS A Y (o TEL MWL OG



short across it, into the probe. The switch in the probs metering circuit
is then turned so that it grounds the modified side ~f the VIVM clrcuit.
This voltege reading is then noted and the normal input of the VIVN is
grounded. The VIVM polarity switch is then set to the opposite polarity,
and the potentiometer in the modified attenuator circuit 1is adjusted to give
the same meter indicatiom. With the metsr probe switch returned to its
conter position the metsr adjustment is complete. Compsrison resdings with
calibrated laboratory voltmeters show this voltage indication to be accurste
withir five to ton percent for all values of drive over a few tenths of a
miiliwatt for typical crystals. For drive levels in the order of 0,1 milli-
watt the voltage accuracy is appraximately 20 percent.

Although this accuracy is not all that could be dosired it is a
great improvesent over the previously used technique, especially for com-
parison of drive level uvstween different circuite since the same msasuring
evstem 15 used in all cuses. IU 1l%o represents improvement over the use
of a single meter and probe to take two readings eince circui® operation is
not changed by moving a probe from one side of the crystal to the other.

The balanced rect.fier probe has been built into an hC-13 crystal
rholder. A crystal socket is aounted as a part of the probe assembly. The
probe can be plugged into an oscillator crystal socket and the crystal
piugged into the probe socket. The probe ia loft in piace for all iaating
and performwnce neasurements and is removed when satisfactory operation has
been obtalnea and the circuit ia put into uee in an equipment. DUifferential

»

fer use at lower frequuncies but the input

voltmetsrs have been design:
capacitance of the probes was too great for use at high frequencies, This

probe configuration, and the low ashunt capacitance of the diodes used,
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resvlts in an input capacity of appraximately 2.C mmfd.

Photographs of the final probe design showing internal construct-
i~nal details and the complete enclosed probs are show in Fig. ¢l. The
photograph on the left shows the position of all components., The two input
coupling capacitora are standard disc ceramic units with their insulating
Coating removed and connections macde directly to the plating. On the righ.
is shown the completed probe with 8 crystal unit in placs.

Fig. ¢¢ shows a typical laboratory setup umed in dete.m.ning
cryatal oscillator parformance. The balanced probe with the crystal in place
is plugged into the test chassis crystal socket. The output and crystal
vnitnatera are in ths background. The output seter is the Hewlett-Packard
4138, and has ite probe pluggad into a tip jack on the cscillator chassis,
Directly below t:.is probe is the connecting line to a frequency counter.
The crystal daiiference vclimeter = + constructed from a kit with proper
modification to allow differenti... voltage indication. The probe switch,
which allows reading of either differential voltage or the voltuge from
either side of the crystal to ground, is visible in front of the lower
rentsr of the mseter panel. The iesi azaemily >nown is tyFical of that uamd
for determining and verifying the design information contatned in Appendix 1

of this report,
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ITT. ANALYSIS OF CIRCUIT OPERATING CHARACTERISTICS

In order to cowmpare the experimental results of the circuits umder
conelderation with theocretical expectations, it is mecessary io dsvslop and
analyse the loop gain equations for these cricvits, The equations deri.ed
buiow comtain certain simplif;ing assumptions, These result in easily under-
stood relations which prowe useful for comparing qualitative rusults, but
provide very little quantitative information. How~ver, the use of these
equations in conjunction with measured performance data results in a useful
ralationship for the design of series resonant crysial oscillator ciruits
and prediction of their pericrmance.

Six cirzuits are anaiyred. These are the Orounded Grid, Cithoce
Coupled, Transformer Coupled, Bridged "T", Pesdback, and Capscitance Trancforwer
Ccupled cacillators., Although only the first two and the last circuits are
utilized in later develormenta, the others are of interest and their equations
are presented and discussed here. The next section, wvhich deals with the
experimental deierminarvion of circult performanc~ will be concerned only with
the Orounded Grid and Cathode Coupled circuits for general applications and
the Grounded Grid and Capacitance Transformer Coupled oscillators for special
applications.

A. Analysis of the Groundad Urid Uscillator

The Orourded 4rit osciilator circuit ig shown in Pig. 23, The
faadrmark vnltace is obtained from a tapped plate ceil and is applied through
the crystal metwork to the input of the Grounded Orid Trionde amplifier ctage.
Por the crystai to operate at exactly series rasonance, there must be sero
nhisza rnift  throughout the lcop eircuit, Aes a result, the phass shifts

produced »y individual circuit siray reectancss =ust bo comnansated by circuit
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demign, or crystal operation will be at other than the series rescnant fre-
quency of the cirywtal network as measured in a crystal impedance meter. The
Apus {sathodacta-gzronnt) capacitance of the tube is tuned with the cathode
erll, Lk, at the operating frequemcy. The load and plate circuit capacitances
"= tuned with the plate coil, Lp The lealmge inductance of the plate coil,
vhich effectively apprars at the tap point, le tuned with cr, a though this 1is
nt a eriticsl sisment, Under these conditions, whan the plate coil ir tuned
to resorance, oscillations will occur at the series resonant frequency of the
crystel,

The equivalent circuit of Fig, 23F shows the more important stray

reactances, For this circuit the loop gain is giver ty:

0= A“Axfl (1)
vhere A" is thh -oltage yain of the grounded grid amplifier, N ir the ration
of the wvsoillator plate voltage to the tap voltage, and L‘ is the ratio of the
grourcied grid input voltags o the tap voltege. All loading elfecis are

included in RL which is ahovn from the tap to ground. Ths individunl gains

are given by the following sxpressions;

2 1.
¢-l RL(RX . -‘--) (2)
i -
e 1
lL + R
x [
2
- By
Y (3
1
R, + -

where Rx is the series re..mant crystal resistance, g, is the tube tranconduc -

tance, and the sffective wmplifier lowd (for galn purposes) is the iransformsd
A RMO L ALS LaRCOwm FOUMDAT ONW U Ll . wOry TNSTITUTE OF TERCHNOLOGY
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impedance of RL in parallel with the impsdance looking into the crystal
network from the transformer side. It {9 saspumed that the affective plate

ths subs, The lsan gain,

load is small compared %o the piste resisiance of the y, O,

»

is thwn given by:

o« L (L)

The loop gain must be greater than unity for oscillations to stert.
Once started, the transccnductance of one or both tubes decreases until the
right hand expreseion of equation (L) is equal to unity and squilibrium
conditions exist., S8ince the amplitude of stoady state ocscilletinrn 4s propor-
tional to the initial valuwe of loop gain, 1t can he sesn that the aaplitude
of cscillativn will increass for increasing values of ¥ and 5 and decroass for
increasing crystal resigtance,Ry. The effect of RL is not linear, but, in
general, increasing vaiues of RL will result in incressed amplitude of
oncillations.

Prequency stadbility considerations and certain performsnce charactaris-
tics peculiar to operstion of the Orounded (rid omcillator at lov frequencien
(10 - LO me) are discussed in the final paragraphs of the section devcied to
the amalysis of the Cathode Coupled oscillator which follows.

B. Analysis of the Cathode Coupled Oscillator

The cathode couplad crystal oscillator circuit ‘s shown in Pig. 24,
Two triodes are used, one as a grounded grid smplifier, the other as a catrods
follower. Yeedback is supplied through the low impedance path of the crystal
at meries resonance betwesn the two cathodes, Since thers must be zero phase
shift sround the circuit loop, hase shifta caused by the verious stray

reactances must be compensated by circuit design. Tha cathode follower can

ARMOUR RRSLARCHM FOURDATION OF LIS e gT i TLTR OF TELHMMOLODGY
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be made rmbstantially free of phase shift over a wide frequency range by
making czg/(! = CuR;,, ¥here g 1s the transconductanos of the cathode
follower tube and ‘Lk is 1tz total load resistance. The amplifier input
capacity, Ckl’ can be antiresonated with x.k at the cperating frequem:,. A
representation of the equivalent circuit is shown in Pig. 24B. In this
circuit, it is assumed tmt L, tunes Cpp Ly tunes cn, C‘O/(.c *Cp e Ly

tunss the crystal static capacity, C_ has negligible reactanoce at the

[

operating {requerxy, and that =I. includss the usefnl load as well nn the imput
resistance offered by the cathcde follower circuit, It is also aseumed that
lb ie large compared to the crystal resistance and the grounded grid amplifier
inmt {mnedanos. Undesr these condtitions, the cathode follower load resistance
is ms. ely the crystal resiatence, R , in series with 1/5‘, the amplifier input
impedance. Therefore, whem the nlate tank is tumed to resomance, ocscillations
will ocour at the serise resomant frequercy cf ths crystal.
The conditions mesessary for oscillation in tne cathods coupled

erystal oscillator can be determined from the loop gain of the circuit., The

loop gain, 0, is given by

0 = A gghyphy (s)
whers A“ is the voltag? gain of the grounded grid amplifier, ‘of 19 the
voltege gain of the oethode follower, amd A, is the ratic of the grounded grid
swrliMer {arut voltage to the cathode followm output voltage, The individual

gaing are zilwven approximmtuly by the follovwing sxpesssionsg

‘u N ‘I l:H. (6)

ARMNOULK BEs AR r FOUNDAT OB S PN R 4 MLt TE OF TECHMOLOG Y
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Then,

o - i
S S (9)

.x‘(.‘ [

The loch gain, G, wust be greveier than unity for oscillatioms to

start. The initial value of equation (9) is precportional to the equilibriwm
anplitude of oscillation, aid it ocan be seen that the smplitude of oeoillation
increases for insreasing valuwes of .'L and 5 and decreases for imoreasing
crystal resiivame, k‘.

Circuit evaluation and performance measuremsnts or the Cathode
Coupled and Grounded Orid ctrowits in the ruge of 10 to 75 m¢ revealed
problems of frequancy and orystal voltage sorrelation, It has been determined
that for the same tuning procedures used at higher frequencies, the opercting
fraquency is above f' by 20 to 25 parto per milliasr, in the range of 10 o kO
0. At migner {regaens ¢hie _a=r=latinn problem becomes negligible.
Investigations {n this frequency rangs have showr the problem to be common to
both cireuita, Tuning for maximum output ¢aunid the crystal to operate in-
ductive (f°>!.) and {t was detarmined sxpsriceantally that placing ap

inductance reactence squivalent to that of the crystal, at uhe originmal operating
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frequency, in series with the crystal and retuning for meximum output provided
operation at or near f.. [t was decided to use scme forwm of compensation
since operation at x‘. is Wghiy 4
In an effort to determine the reason for the frequency effects
discusned above a further analy+is of the circuits wae made. It had been
assumed in preliminary amslysis that tuning the cathode and plate circuite
anrd the lesiage inductance of the OQruunded Qrid plate coil should provide
resistive operation of the crystal. Simce inductive operation is common to
both circuits the leakage inductance wouvld not be the cause. The condition of
the plate tank after tuning to maximum output was investigated and it we
determined that it could not have caused the smount of phase shifi being
encountered, The tuning ccadition of the cathods circuit was aleo showm to de

umable to cause this effect, since it could not campensate unless it were

detuned considerably to the capacitive side of resonance., 2iudy of the various

stray reactances shows only ons that has not been considered in a loop phase

analysis of either circuit, This is the reactance of the plate-to-cathode

capacity., The coupling circui+ from plate to cathode was anzlysed tn detammine

1f the prasence of this capacitance would tend to produce the measured effects,

A gensral metwork, shown in Pig. 25, was considered, An ideal tranajormer
having & twna ratio amd voltage retio of 1in is assumed, R i2 the reaistive
imput impedancas of the grounded grid mmplifier, ‘.’.x is the operating crystal
series lmpedance, and Cpk is the direct plate to cathode cCapacitance,

The circui. admittance perameiers defined by:

LTk eTpk (10)
Ty BT g (O
ASYOUR BLSEARNlw FOUMDAT O R RORRY ML TG OF TECmMOLOGY
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Pig. 25 - Idealised Plate-To-Cathole Coupling Network.

are,
llz l_ﬂ c
11 —zv;— + ""’cyk ‘1 "L—!; ¢ Jd pk ‘2

2 I, +R

Since Liie output current I, is sero, the ratio

.'..2.. i 121 N !ﬂojwczkll)

‘1 Yoo R . !x * J(dcpk ltﬂ)

(12)

(13

(1)

Rationalisation and equating of the imaginary part to serc shows that there

will be no phase difference betwesen ll i iz wimn zt 555 & rosctive

given by

Y o e ysrwen
- v hwcpk

2 (J(:pk

ravt (Y )
r (r’
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Selection of the negative wign for the value of the radical provides
the largest value for the ratic l.z/tl and thus is the proper solution, A
crystal of sero resistance requires no series reactance for the cowpling
circuit assumed here since the ideal transformer always has the lin voltage
ratio, Thw developed equation of resastance does not readily simplify to show
the circuit requirements. It dowms show, howsver, that & specific relationship

migt exist between C__ and the poaitive reaciance in the series feedback path,

Rk
The result points out two pDossibilities for improving freguancy
correlation. One is to provide an iwductor in series with the crytal. The
other is to changs cpk to bring the correlation figure within acceptable limits.
A factor which helps to reduce the affect at higher frequencles i: that con-
sidorable reactance is present in the series leaads to tne crystal, Reduwed
values of l:":.k cannot be odtained for experimental evaluation; however,
increasing cpk corrects the frequancy but greatly decreases the output. To
achieve somplets correlation at 10 me, for example, it was necessary to add
3C mmfd to the tube and wiring capacity already present whic™ lowered the
output to that odtained at 150 mc for aimilar circuit operating conditions,
Ths wss of 2 series induetar nrovides frequenty correction regardless of the
crys‘al terminal to which it is conmcted, W' %o provide good correlation
of crystal voltage &e wl], it must be placed between crystal and input of the
grounded grid stage. Crystal voltage correlation is considered as having besn
iis shen I5ue) weltssen are meamred across the crystal o- & rasistor
oqual to the crystal resistance. This requires that the crystal operste
resistively.
The abowvs development doss nmot yisld deeign remu’ts of sufficiemt

accurecy since it indicates serias inductance valuer corsiderably smailer ihan

AJMOUR REBEARCH FOUMNMCAYION OF (LLiMQOI$ 1HBTITUTE OF TECHNOLOGY
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have been deternined experimentally. It does, however, demonstrate that the
presence of cPk conirivuites to the posiiive iesaciace
which, as was discusesed previously, is less sewire at higher frequencies.

The frequency stability factors of series resonant eryetal oscilla-
tors haa been developed by M-onz, and are defined in terms of the loop phase
shift, To compars various crystal driving methods, a reference phase angle,

A, 1r defined a3z that of the self-impedance of the series arm of the squivalent
crystal impedance, consinting of Ll, cl and Rl. It can then be shown that the

stability factor, sx,, used as the ~sference, 1s given by:

Sy = '——ﬂr’ (16) h

1+ tan A
vhere
wly 1
Qo = an
B WGy
and
1
W= w, " - (18)
L&

for relatively Mgh values of Q.
S, will be & maximum when tapd » O, For other values of the &ngle,
the stahility factor will be degraded @ an amount defined as the degradation

factor, given by

D, = 1+ tan’a (19)
This degrading factor holds for crys-als that have no shunt capacitamce or
coupling to spurious, parasitic resonances when operating at ihe desired mode.

Yor circuit conditicns that provide additioral degradation of the stability

ARHOUE 2LISLAOCK FOUMNDAT: UGN OF PLLIMOIS T MATITUTE OF TECHNOLOGY
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factor, equation (16) becomes

fedas)
= 120)
1l ¢+ tan A

5{'

Por the circrits under consideretion here, the crystal is, in
general driven between twc resiative elements, R‘ and B.b. If a compensating
coil im used to cancel the effects of the crystal shunt capacitance, co, and
a minimum tranemission loss 1e assumed, the Q degradation way be calemlated.

It cen be shown thai, if the sus of R, and Ry 1s hald constant,
such that

R, =R+ R (21)

then, for a fixed Q degradetion, R must be equal to Ry Por this condition,
then, where R' « K = R,,

A (22)

and Q
3, = i, (23)
(1. tan‘d) (R, + 2R)

It i» apparent from equation (23),that if R' is made small, the
degradation is reduced., Rowever, ti.is is incressed at the expense of
transmission loss, EKeverthelsss, for the circuits described in this repert,
the crystal is generally driven between relatiivaly high resistances. The
valuan of R. and llb are usually in the order of several hundreds of ohms.
Although cryntal Q e degraded considerably, the drive lsvel is kept within

reasonabls limiis am svaLlility 4. stil)l good,

ARMOUS 283 EANCH FOUNMDATIOW OF LirmOit WMBTITUTE OF TECKMOLOQY
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C. Analysis of the Transforwor Coupled Oscillator

The Transformer Coupled oscillator circuit is shown in FPig. 26. A
single grounded cathode pentode amplifisr stage 1s used in a tuned-plate
tuned-grid arrangsmont. The feadback voltage is obtained from a tap on the
plate coil, Lp’ and 1is arvlied, through the crystal network, to the grid
transformer, L'. Loop phase shift 1s sercv when the various stray reactances
are compensated. The load and strgy plate capacitances are tuned with Lp.
The lealage inductance of > is tuned with cf. The grid circuit capacitance
is tunad by the wecondzry of L‘. The static capacitance of the crystal, co,
19 cancelled by L‘. Under these conditions, when the plate coil is tuned to
resonance, oscillations will occur at the series rescnant frequency of the
crystal.

The equivalent circuit is shown in Pig. 26B. Here, ii is assumed

that ¢1l gtray reactances arc tuned and are represented in the circuit as

resistances, Por this circvit, therefore, the loop ga‘n equation is given by:s

O = Ak l'/‘lp (2L)

where An {s the voltage gain of the grounded cathode emplifier, k‘ is the
ratio of the grid coil primary voltage to the plate coil tap voltage, Hp is
the ratio of the omcillator p.ate voltage to the tap voltage and !-'. is the
ratio of the grid coil primary-to-secondary voltage. 111 loading effects are

i luded in R which is conmected from the plate coil tap to ground., The

LD
individual gains are then given by the following expressionsg

2 2
L] (R_ +r )
A ‘IP a’x. X £§ B (25)
“ Al
R, +R_ o r
L x [
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i~ T (26)
] r

where g is the transconductanca of the tubde, L is ths series resonsmt crystal

reeistance, and r. is the total grid ecircuit load, The loop gain, G, is then

. B A e A
':2(31. + R . Te

Oseclllation will start vhen (O is greater than unity. Thke amplitude of

(27)

oscillation will increase for increasing values of all the circuit parameters
in tihe numerstor of equation (27), and will decresse for increasing values of
crystal resistance.

A discussion of irequency stability considerations, which are comson
to all series resonant circuits, is given in the section on the Cathode
fannlad necillator,

Further experimental investigation of this circuit was not wvarranted
in view of ths resmults outlined in Section JI. 1 g¢wral, the circuit
exhibits an excessive crystal drive., This is due to the physical propertiss
of the grid circuit transformer., 7The grid impedance reflected into the
crystal circuit is too low vhen typical coile are used, This condition
becomes wurse at the higher frequencies due t5 the small coil courling
coefficients ottainable, In addition, circuit tuning is quite difficnls
because of the lerge rumber of tuning adjustmmngs.

D. Analysis of the Bridged "T" Oscillator

Two furma of the equivalent circuit of the Bridged "T*® oscillator

are shoan, in Fig. 27. The output of the triode amplifier staga 13 developed
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acroas the load in the plate circuit. The feedback network consists of a
bridged " network, where the cross arm slements are composed of the tuning
cotl, 1, in parallel with the series ~ombination of the capacitors Cp and Cg.
The crystal comprises the verticai arm impedance, Cp ana Cg are combinaiiona
of physical and stray capacitances in the plate and grid circuits, respectively.
By comvensating ths shunt capacitance nf tha crystal with the coil, [‘x’ and
tuning 1, with C_ and Cg to rescnance, ths loop circuit will be substantially
2scillation will oceur.

Fig. 27a shows the equivalent circuit of the Bridged ®T* oscillator,
where 'i is the impsdance of the grid circuit, RL includes all plate circuit
losses, R‘ is the s¢ries resonan. reaistance of the crystal, and Cp, Cg, and ],
are defined above, If the grid and plate circuit losses are : ombined into a
single equivalent series joss, R‘,", which also includes the coll loss, then the
equivalent circuit assumes the form shown in Fig. 27v,

r L, CD, and Cg are tuned to the series resonant frequency of the
~rystal, the transfer impedance of the bridged "T" network, defined by the
rstio of the output voltage to the input current, is given by:

Y

X
c -
v ~

2, =R - _P__&
' (28)

A

On the basis of the conatant current generator equivalent circuit of the tube,

the input current ia

4 --g e (29)
1
p =» £
and
72, =71/ (30}
1 L Ve
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This is the condition for steady-state oscillation. The loop gain equation

is
Xc Y\

Q...;izt.&.(_L__LRi - R’ (31)
Loop gain tends to increase with increases in the tube transconductance and
will decrease with ircreases in Cp, C‘, R.;‘, and R . Simce r‘ and RL both
bacome smaller at the higher frequencies, indicating and incrsase in R;‘, it
ie eaxpected that operation of this circuit at higher frequsnciss may becoms
marginal, This has been verified experimentally.

The circuit r.s not been investigated in great detzil, since
preliminary verformance measurements indicate a lack of desi: ble opurating
charecteristica. When used with subminiature filament-type tubes and typical
circuit parameter values, a loop gain of approximately unity is obtained,
which {s margina] from ths standpoimt of both starting and operating
characteristics.

E. Analysis of tha Feedback Oscillator

The circuit diagram of the Feedlack oscillator is shown in Pig, 28,
Although operstion is indicated with the use of sutminiaturs filament tyre
triode tubes, the analyeis presented is applicable to other types as well.
The circuit, with the crystal removed, is hasically a tuned-plate tune-grid
configuration. The output is developed across the plate coil, Lp2, of ths
second triode. The feedback wvnltage is obtained ITom & tap un Vhis coil and
is fed back through tha crystel network to the grid circuit of the first
triode. The output voltags of this tube is developed across its plate coil,
L ., »~.. is applied to the grid of the second tube. The combination of Lp?

pi”
and the plate and load capacitances are tuned to the rescnant frequency of

AR OUR RLUSEARC FOUNDATION b L. WOES rmST T UTE DF TE(HAMOLOGY
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the crystal, as is tle combimation of I”1 and the stray capacitances dus to the
plate circuit of ths first tube and the grid circrvit of the setosnd tabe,

The loop gain is given by

O-Allzix/'ﬁpz (32)

vhers ‘1 is the voltage gain of the firet amplifier stage, A2 is the voltage
gain of the second amplifier stage, L‘ is the ratio of the first ampliifier
input voltage to the tap -vltage and '92 is the ratio of tha second ampl:‘
outpat voltege to the tap voltage,

The individual voltage gains are given in the following exrrassions;
where the tubs and circuit paraweters are transconductance of the first triode
amplifier tube, &y} transconductance of the second triode tub-,(-z; the load
of ithe first stage, including all plate circuit losses of the first stage
and grid circuit losses of the second stage, nu; the total load in the second
stage Rm; the series resonant resisiance cf the rrystal unit Rx' and the total
of all grid circuit losses in the Mirst stage, Ral'

The gain of the fir.. tri .e stage is & » Ths gain cf the
sssomd trinda stage is given by g=_,l;_, !7’2(“‘! . Rsl)/(!'.v +R_ . R‘l). The
tap voltage is simply the output of the second triode multiplied by 1/‘ip2. Ths
inpat to tha first triode is R!’]/(R: . Ru) tines the tap voltage. Therefore,

the mxpressicn for the loop gain isg

=-: - In . B
a1 %) w2 fpr fp2tfy f “11, "‘gi

g - T (R« Rn) (R, + R+ g‘l) (33)
or simolifying,
G e ill‘l? .‘-'Pz RLI RL’Z Ri_l
Yo v Ryt Ry (34)
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It can be seen thet incressing 5 will decroase the loop gain, dut increases
in any other parameter will inorease the loop gain.

Thie oircuit was developad specificelly for use with swvminiature
filament-type tubes. HEovwever, with axisting valms of treansconductanse for
taswe tubes, 1i has besn foun! that the circuit will not oscillate, BEven
with the use of indirecily heated cathode tube types with & values of
LOOO mhos operation was marginal, Wo advantage is offered by the Peedback
so0dllstor for normi) nee, Since it is more difficult to comstruot and adjust
thar: the Orounded Orid and the Cathode Coupled cirouits,

F. awmlysic of tha Cabacitunce Transformer Coupled Oscillator

The Capacitance Transformer Coupled oscillator is showvn schemetically
in Pig. 29, This circuil 1s similar to the conventiomal transformer coupled
oscillator, except that the feedback veltage is obtained from a tap on the
plate coil and 1is applied through the crystal and a pi nmetwork to the grid
af the tubs. *“his pi network is an impedance and phase inverting cireuit
which matches the low impedances ~¢ 4% eorypial to the nigh i=pedance ai the
grid. Inherent in this system is the voltage step-up from the crystal side
of the mtwork to the grid side. This step-up is spproximately equal to the

ratio of c‘/c“.

The loop gain equation for this circuit 1ag

|
OOA‘AX_." (%)
p

where A. is the gain of the amplifier stags, LI is the ratio of the pi metwork
input voltage to the plate cadl tap voltage, l' is approximately the ratio
ci/ci"' and W_ i3 the ratio orf the oscillator plate voliage to the tap

& 4

voltage. All loading effects are included in RL which i{a shown from the tap
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to ac ground,

The s fective umplifier load, for gain purposes, is the transformed
impedance of RL in parallsl with the equivalent impedance losking into the
crystal networ! from the transformer side, The individual gains are Ziven
by the following expressions:

- & M 2RL (R + ri/l;)
-7 (36)

Rx'“:.”'/'g

where g 4s the transcorductance of the tube, Rx is the crystal resistance
n

A

al saries resonance, and r‘ is the eguiwvalant ac input iapedance of the tube,
A= T

The loop gain, G, then 1s:

IﬂR

o - _.ETL__&_ (38)

pared Vo the equation for the loop gain of the Transfeorwer

which may be Com
Coupled oscillator, equation (27).
For an analysis of ths pi network, Pig, 30 shows the squivalent

schematic of the major components and parameters, The input voltage, °1’ is

N :nd, @ i= the valtage from grid to ground, r_ 1is
3

[
VO oRIvuna, © -

sasmrad from cresial
the ac input impedance of the tubs, C gk 12 the stray capacity from grid to
ground, C‘ is a vhysical ¢spacitar in addition to the crystal-to-ground
strays, and L ia the grid coil which tunes to the series rescnant frequancy

of the crystal with the series cambination of C‘gk and Cg.
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Pig. 30 - Equivalent Circuit of the P4 Nemtwork

The ratio o‘/n1 (= N“) is

[+
I L SR (39)
[ 4. n

T Cox
1r rg is large compared to the reactamce of s capacitor equivalent to the
series combination of Cgk and C‘, the second term in the der~minator can be
neglectad and (39) reduces to
- - \

L cclcck (40
The presence of r' results in a phase shift of less than 150°, as evidanced
in equation {39), and the crystal will operate at a freguency different from
f' toc compensate for this.

To lessen the effect of the imaginary turm in (139), it is necessary

to iicreasy the value of ons, or possibly all, of the componenis involived

[

n thls te:=m, Since tha value of rR 18 limited by the characleristices of the

tube and tne blas reslstor in the grid circuit, suitable values of X and C‘
ARROUSN EKSIEARCH SQUNDATION CF tLLI MO S MATETUTE OF TECHNOLOSGY
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must be used. Tho ratio of the real to the imaginary parte aof equation (39)

is,

2
[
g gk
Inaginary C‘k + c‘ (LY

neal

wr

To make this ratio as large as possible, c‘k may be intreased by adding
capacitance across the grid strays. The limiting value of C‘k 1s detormined
by the nise of the physical coil meeded to tune the grid circuit,

It can be seen that the loop gain, equation {38) is maximum

at some value of l‘. This ocours where

N = r x * R (L2)

(L3)

Using typical circuit parameter values, Onx for this circuit ranges in valae
from 2.0 to L, O, The only frequency-dependent parameter in equation (43) is
1". However, (:\-lx is proportional to the square root of r‘, and thus is not
an frequsrcy-depenrient as might de expected,

The crystal drive lavel is a function of the plzte coil tap voltage
and the impedance of :‘. reflectad into the crystal circuit, This is determined
by the capacitance ratio, I‘.

The effects on loop jain of the various circuit parameters are
listed belows
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2., JIrncreasen in l‘ decrease the loop gain and output, provided

R is graater than the value shown in ejuation (h2).
b. Increasing the grid bias resistance iicreases r' and l‘ and
lowers the avallable output.
c. NKaintaining a conatant capacitance ratio and imereasing C‘k
and C‘, I‘ increases, lowering the cutput.
The three variations listed above all have the affect of improving the phame
characteristic of the pi network vith the result that the circuit operates

closer to the saries resonant frequency of the crystal with a gorresponding

loss in output. Tlds loss may be compromised by increasing Ky N, or RL.
p ;
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IV. KXPERDMENTAL CIRCUIT OPERATING CHARACTERISTICS

With the development of the equivalent circuits and the loop gain
equations, given in the preceding seciion, Comparalive psrfcrmance messuremants
vere made and the results are presented and discussed here for the Orounded
Grid, Cathode Coupled, and Capacitance Transformer coupled circuits. In order
to cbtain information for devising & design technique for thease oscillator
cireuits in the frequency range of 75 to 150 me, circuit component values were
varisd smd the resulting changes in circuit performance wvere tabulated and
graphed, Use of these grapht allowed the choice of a circuit arrangement
having the most desirable performance characteristics,

To determine the changes in cireuit performance with variations of
eircuit components, a referionce cirewt for each oscillator at the various
frequencies was chosen. In gemnsral, the refersnce circuit represents optimum
conditions of operation. 1In the graphs to follow, the basic circuit schematic
ims shown with appropriate component aymbols and the values of thes refersnce
circult compenents are inciulsd,

Component changes were effected on this reference circuit and the
changes in oacillator performance plotted, 1In general, the plate supply
voltage was plotted as the abacissa with the -rdinate representing two
paraneters: the output voltage, L and the crystal driving power, ?!. Curves
vere obtained by holding all but one component constant at the reference
circuit values and varying tuis one through a range.

Circuit layou* materially ef’ects the performance of an individual

Ve
pe-avv}

wecil T However, salartion of proper compcnents is also criticel. As
reported in Section II, good grounding is the major layout comcern., The
centerpeats of iiw tubs basss wre need ss the primary grounding sources,
keeping all lead lengths as mhort as poasible,
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4. Performance Characteristics of the Grounded Grid Oscillator

The preliminary referencs circuit of the Grounded Orid oscillator is
Combonent valuss are indicatad on the schematic, These
values were salected to insure oscillator opsration throughout the range of
fraquencies and vplate supnly voliages used, but are somewhat arbitrary. By
means of varying one component through a range of values and keeping the othera
fixed, plots of performance variations wvere mads, The resulting graphs were
analysed and a reference circuit was determined which would produce cptimum
operational characteristics, This circuit was svaluated at frequencies of 7€,
105, 135 and 150 xe.

i typical set of graphs is shown in Pigs. 31 through 18 for the
Grounded Grid oscillator overating st 105 mc, Thes- figures show parformance
variations with changes in g Rr, R‘L’ Rk’ Rg, Cl, and tap point of the plate
ccil, Using tne loop gain analyais results for compariscn, it cen ba seen;
from equation IIXI-L, that the output increasea for increasing values of N,
R;, and g . The sxperimerntal results shown in Figs. 32, 3L, anmd 38, for
variations in &ps RL’ and at, respectively, verify this conclusion. Increasing
the tap point (which is defined &s Aat, the incremental increase in the runber
of turns from the initial tap point away from the ground end of the cotl) placas
a higher voltage at ths input of the crystal and also at the input circuit of
the tube, reieing the outpyt and drive lesvel. In addition, increasing thae
valus of 8\‘ will reduce the output, aa shown “rom the lcor gain equation and
verified by the results in Pig. 33, Increasing ihe vilas voilags on the tubae
will decrease the transcorductance ana, consequently, the output., This is
shown in graphs of Figm. 35 and 3. Although Cr is not a critical circuit
varame.ar, the variations {n performamce produced by changes in this componant

are shewn in Pig. 37, The salscticn of the proper value of whis component
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Im [ USED IN REFERENCE
{2500) ] GiRCUIT.
R IN OHMS
C IN uut
LoIN uk
RO ®
(10K)

FIG. 31 —GROUNDED GRID OSCILLATOR AT (05 mecs.
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depends on thé leakage inductance of the plate coil that appears at the tap

Fee P o P e

and is chomen to resommie with h's inducteancs at th

the ssriss resonent fra-
quenoy of the crystal,

Selec tion of the component values for the finalised reference circuit
requires an evaluation of the pe "srmance graphs of the oscillator operating
throughout the entire frequency range. This evaluation was accomplighed, being
based o~ -uch performance charscteristics ss output voltage, crrstal drive
lave), power ratio, frequency correlation, and frequency ststility with changes
in tlats supply voltage. The resulting reference circuit, given in a later
section, is then used in the devslopmasnt of the design method.

B. Psrformance Characteristics of the Cathode Coupled Oscillator

The preliminary reference circuit of the Cathode Coupled oscillator
is shown in Pig. 35. This circuit was experimentally evaluated at frequencies
of 75, 105, 135, and 150 mo, Typical performance graphs are shovn for operation
at 105 mc in Pigs. LO through bS. Thess figures show performance as s function
of the vaiues of [ P'x’ LL’ Rkl' R“, and Rge (2008 circult schematic for com-~
ponents associated with thess symbols). To compars the theoretioal cem-
siderations with the experimantal resulte obteined here, reference is mede to
the loop gain equation for the cireuit indicated by equation ITI-9.

The expected intreass in output with increasing values of g, and RL
{s shown by inspsction of the grephs in Pige. LO and L2, respactively. Cutput
decreases with increasing values of l\‘ a3 verified by Mg. Ll. The bias
componants of the grounded grid stage, ka and Rgg’ lower the transconductarce
of the tube with incrvasing valus of resistance. Hanca, the output decreases,
ted 4n the uraspha of Piga. LY and L6. respectiveiy. Increasing the

resistance of xkc lower® the transconductares of the tube; howerer, the output
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impedance of ihis atage is such thet the level of feedback is greater, tending
to increase drive and cutput, as shown in Fig. Lli. It can bo sesn that R“

is actually part of the owtput lcading. Hence, increasing this ccnponont-
valoe would decresse the loading and increase output. This is verified by
the regults shown in Fig. LS.

By evaluating the results thus obtained for operation uver the
freQuency rengs and plate supply voltages used, a finalised reference circuit
was establishad, which was used as a

Ce Porformame Characieriaiics of the Grounded Grid Subminiature
Tube Oscillator

An inwestigation of performance of the Orounded Orid osciliator with
the use of tubes having directly iwatad cathodes has twen made., The circuit
diagram is shown in Fig. 47. Operaticnal charzctsristice at 7€ snd i0F wme are
found in Tables XV and XVI.

This circuit could not be made to cscillate as a true crystal
controlled oecillator because of the lov tube transconductance and the
resulting lov loop gain., However, it is included here as a useful circuit
for esrtain application=. IExpsrimentc indicated that oscillation could he
obtainad if another feedbuck path 18 provided, This path consists of the
plate-tocathode and cathode-to~ground capacitances. If the latter is
completely compensated, no oscilMtions will occur. However, if the cathods
sirenit is adinstad so that a small effactive capacitance appears from
cathode-to-ground, oscillations will start, &djuotasnt of the circult can be
made such that the crystal wust be Present to sustain oscillations resulting
in & orystal stabilised oscillator, but one of poorer stability than that of

a true crystal comrulled oscillator,
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R, Be r, P, Po/Py Af, bty
ohms | volte = - - PR ppm
100 1.0 | 25.1 25.1 -14.8 2.4
2 125 2.8 | sS4 19.4 -12.3 -
150 Ls1 | 102.1 24.9 - Lo -
100 1.0 | 12.8 12.8 -13.2 2.6
&0 125 1.5 | 3%0.0 20.0 -15,0 -
150 2.0 | 6.8 2.4 . 2.3 -
TABLE xv - FERFORMANCR CHARACTERISTICA OF THK GROIMDED
GRID SUMCNIATURR TURR OACILIATOR AT 75 me
b | B ‘ X P/, at, ar,
shms | volts | mw | = - ppm pem
l 50 0.3 | 2.5 8.3 - 2.0 o
2 5 7 2.1 | 20.0 8.7 *11.7 -
} 100 6.3 | 4.5 8.7 *20,3 8.6
1 50 0.2 2.5 12,5 - 1.3 -
51 T 1.8 | 20.0 1. 1 s 02 | -
i i 0.2 J ol‘)di A1
TANLE XVI - PERFPORMAN-B CHARACTERISTICS OF THR GROGNIRD
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In addition, measurements of crystal drive are net realistic

heosuse of 4hs zddilional phase cheracteristic introduced. The voltage

developed at the cathode impedance is the sum of that developed by the
erystal network and the nlate-to-cathode and cathode-to-ground capacities,
As a resuit, indi.ated crystal drivée levels are low.

Design informution, as such, was not developed for this circuit
because of ite limited use. However, general design procedures are similar
to those f the Grounded Orid circuit using indirectly heated eathnie ¢nis
types. Refer to Appendix I, Part 4.2. for coil winding data, eta,

D. Performanse Charscteristics of the Capscitance Tran: wmer

Coupled Oscillator

During the course of investigating circuite for operation with
directly heated cathode type tubes, the Capscitance Transformer Coupled
oacillator vas developed, Ags discussed in the previous section on sireuit
analysia, the impedance matching effected from the crystal to the grid circuit
and the inherent voltage step-up of the pl network provides desirabls
rerformance charscteristics for this circuit,

The echematic of the circuit is shown in Fig. 48. Performance has
been determined over the 75 to 150 me frequency range. These characteristics
are fourd in Table XVII. Use of this circult with filament type tubes,
instead of the Orounded Grid oscillator, is recommended since the output is
Grysiel contruvlled, rather than crystal stabiliszed.

The recommended oscillator circuit uses a 5875 sulainiature nentode
vith a nominal &, of 2500 ,mho-. The ncminal load resistance 18 5000 ohms.
Coil winding informatiem fnr L‘ 2t :‘p‘ 1o 225050 W0 Wl Sopsizli compensating

inductance, L, 1s presemted in Fig. LS and Table IVIII. Howwver, L' may be
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lPrea. . R 30 a. P Y AL,
L x o o x [} 3
| 1o ohms wolts volts e nw PR PR
s T T T ]
: T 60 | b.5 L0 Gy - 7.3T-
i
2 1 7% 6.9 9.4 1.6 -2.3 -
| 90 9.6 18.5 2.3 0.5 L.O
75 ; : :
|60 5.0 L.y 1.0 -2.0 -
Lo 75 7.7 119 2.0 Lk -
i 90 10.6 22.5 3.7 + 8.0 3.8
— — e - A -
.~ 302 2,010.7 -0l -
‘ 30 75 5.5 6.1 2.6 9.6 6.6
90 9.7 19.0 5.3 #16.6 -
105 . }
60 2.8 1.6 0.5 -59 -
L 78 S.4 5,7 2.0 7.1 5.9
90 9.4 17.7 6.8 el&l -
75 4.6 bl 2.0 -5.5 1.9
Lo
90 6.6 8.6 2.3 + 6.6 -
135 ‘ ar ’ IS Loy ooy o ' - 7.8 "«
() e “»e 4 RN few Lot
68 ‘ i
90 6.6 8.6 1,3 1.7 -
15 L2 3.6 1.l -11.3 3.6
S3 !
90 €1 7.5°2.5 7.2 - '
150 ' ) , . . B
™ d. L J.3  G.0 0 = ull AN
82 ‘
90 5.6 6.3 1.4 + 3.5 - ,

TARLE XVII -~ PERFORMANCE AND STABILITY CHARACTERISTICS OF THR

CAPACITANCE TRANSFCRMER COUPLED OSCILIATOR

75 = 150 mc
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A U et

Preq. | Coil, Coil | Wiie Coil ;ﬁ'.‘u:'m Comap Lo, Q
Forg ;8ixa | langth - J
?—" - - Gage ;| inches - Jtwms| uh | -
Ix - 32 /4 21 - | .670 \r 10
75 Ly | 18601 20 3/8 7 - .hmi 85
L, | 1860 | 20 | 3/8 8 1/2 | .570 100
-~ Jr-»m#-«_»- o — ;
R 27 X I 16 - 37 5
] [ !
w5 ! L, 186-0 | 20 /2 | s - .10 ®
i ‘ ! "
. L, 186D | 20 |, 12 1 7 /2 |.300 | 110
- fﬂt—'—ﬂvw-w-r-—mf 4 ——t
Ly |- 24 3/8 ! - .10 | 25
135 I L i 1860 | 20 | 3/8 L - .o 70
! L, | W60 | 20 { /2 ‘ 6 34 |.100 : 200
T - [a 1 5/32 1 8 R TR
150 E v | 60| 20 - - a0 %
| |
} L, | 1860 20 [ V2 } 5 34 .160 | 60
| 1 , L | 1

NOTR: L, is wound on a 2I, 1/2 watt carbon composition resistor.
The indicated coil types for and are Cambridge Therm—-
lonic Corp. forms, 0.26" 0.D., 27/32% long. L3o~ is the
pari numbeir specifying tha coil form type and sise. The
oufrix designates (.he core formulation,

The tap cn Lp is measured f{rom the ground end of the coil.

Tha inductance and Q of &ll crystal coils, [ , were measured
at 50 mc on ths Boonton Radio Corp. § Meier, Model 160A. The ird-
uctance and Q of l., and were measured at their operating freq-
uencies on the Boonton iec Corp. Q Meter, Model 170A.

TABLE XVIIT ~ GAPACITANCE TRAMSFORMER COUPLED OGCILIATOR CQLL DATA.

75 ~ 150 mc
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eithar tunabls or fixed, The winding data ia to be used as a guide in
selecting the proper inductance of the colls, although following the axact
configurition is not necessary.

Initial tuning adjustments of the circuit are as follows. I’ is
wired across the crystal sockst terminals and all other cormections to ihis
sncket are removed, With the crystal plriged into the soclmt, the coil is
adjusted to resonats with rzo of the crystal, at the crystal {requency. Tuis
may be accomplished with s grid dip meter (Measurements Corp. Model S8
Megacycle Meter, for instance). The correct valus of inductance is indicated

vhen the dip coincides with the activity peak of the crystal unit, although

this adjustment is not eritical. When 1& has been tuned, the crystal is
removed from the socket and one side of I‘x is opemed. All other normal
connections are wired to the crystal socket and filament powar is applied to
tha tube. The plate supply voltage is left off, L‘ 48 ther tuned by uae of a
grid dip meter to the nominal crystial frequency, rn. At wiuls poimt, x‘p may be
approximeataly tuned by the same procedurs. 1.x is rewired on the crystal eockst
and with the crystsl in place, the supply voltage is applied. Lp is now
adjusted for maximasm outprt voltage and the procedure is complete.

Soveral component and circuit parameter changes may be effected to
obtain specific perforwms \ce characteristics, The more obvious methods of
raising output voltage sre to increzse the load resistance or lower the bias
on ihs ute. dnwihar @athod that way be used 1s to reise the ccil t2p poimi.

The selection of the proper tap point affects the drive level of the crystal,
ard is thus limited in range in order to kmsep the power dissipation within
prescribed limite, In addition, since output is a function of the ratio of
C‘ to C‘kJ it csn e teen from the loop gein anklysis (equations III=38 and
ITI-40) that increasing C‘k, by padding the grid-to-grrund capacitance, will
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result in hi gher cutput, However, crystal diive will also increass,
Therefore, the ratio should nol be grsater ¢than ) or h te one. Another
limiting factor on this ratio is the physical sisze of l.' nteded to resonate
the total capacitance at the desired frequency of opsration,

Although the SB875 tube 13 wed in portable equipment where spane
requiremsnts are critical, another type, the 6612, is s subminiature filament-
typs pentods that utilises a "B" supply of SO rolte and provides output ¢ m-

parable to thet of the 5675. The nominal £, of the 6612 1s about 220G bR
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V. DEVELOPMENT OF THE DESIGN MNTHOD

With the determination of the performance of the Cathode Coupled
and Orownded Grid oscillators, and the develormant of a reference circuit
for each oscillator Wit opsratss over the reamvivad frenuency runge aind
plute supply voltages, it was necessary to investigate the opsration of the
oscillstor circuits over a wide range of conditicns. The result of this
investigation led to the establishment of a set of design criteria for each
circuit type, wnich, in tumn, wg= coerdinated into a complete design method.

Performance curves fcr the two saries resonant circuits were pre-
santed Iin the previous raction. In order tc obtain correlated data, the
§ neralized rsference circults were subjected to a wide variety of component
and circuit parameter changes and the resultirg performance data evaluated
with the aim of genera .izing thir information and deriving a vet of design
criteria,

The initial approach was mads by interpolating the performince
curven., of which those in the previous section are typical examples. By
varying crystal resistance and load ressistance at several levels of plate
supply voitage, a set of Cuives wers plotted from the data. Since the
curves were essentially linear, simple squations oculd be obtained to describe
performance. However, viriation of other circuit compaonents resulted in
nonliresrities that were difficult or impractical to describe in this manner.

In order to obtain additional

ord in tabe

a4 survey was aade to determine those tube types which would satisfy circuit
requirements as indicated by the loop gain equations for the Urounded QOrid

and Cathode Coupled oscillatorc (equations III-L and I1I-9, revpectively).
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e

types hsve the supprasaor connacted t0 the cathode internally, increasing
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the possibility of uncontrolled oscillations dus to the increassed plate-to-
cathode capecitance, For general purpose application, it was fourd that the
5670 miniature dual triode wgs the most suitable. The transconductance of
this tube type is well above the minimum required in either cscillator
circuit type, where typical component values are assumed., In addition,
having both tricdes ir one envelcps is convenient for use in the Catihode
Coupled ci cuit, and the additional triode stage for the Groundea Orid
cirenit can be advantageously utilised as a buffer amplifier, Other types
suitable for this application are the 12AT7 and 6021, the fcrmer being a
prototype of the 5670 and the latter a subminiature cathoda type similar
in charscteristics to the 5670. In addicion, two separate triodes may be
used for the Cathcde Coupled oscillator, provided the @q 12 grester than
2000 umhos.

Since it was desirable to simplify the use ol the design method
as much as possible, it becams necesssry to determine a single zet o/ re-
ference circuit comporsnts suituble for use throughout the frequency renge.
Ferformanca of this circuit is then determined as a function of frequency
and the effect of component value on performance .8 then detsrmined anmd
plotted as a normalized curve with respect to the performance and component
value of the reference circuit. This wethod gives a more realistic measure
of circuit opsration than that attemptea previously.

Tne only cmsponent changes necessary throughout the frequsncy
rangs were the cathode coil, LK; the plate coil, Lr‘; and the crystal

compensating inductance, L‘. Lk and I.p are tuned tc the circuit and stray
ELSEARCH FOUNLATION OF Ll RO S r STy T T L [¢R3 TECUMNOLOGY
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capacitances in the cathode and plate, respectively. L, is resonated witl,
the ahunt capacitance of the crystal.

The major considerations given in circuit construction were in
proper grounding techniques, lead dress, decouwpling, and part placemsnt.

In general, grounding was accomplisiied ai the tube base centerposts and the
power plugs, Placement of parts was determined to hold lsad iength to a
ainimum, For the teat circuits output voltage was mude avajilable through
a pin jack. To obtain frequency measurement s, connaction was made, by
means of a small capacitor, from the output to a coax connector., The
crystal socket was placed for insertion of the differential voltmeter probe,
described in Section II. Decoupling was accomplished with commercially
available inductances and capacitors, It was found that 470 mmfd disc
ceramic capacitors were suitable for use throughout the frequency range.
Plate decoupling coils were generally 3.3 ph and filament decoupling coils
were 1.0 uh for most circuits.

With the establishment of the reference circuit, component var-
iations ware made and the resulting performance was plotted. These per-
formance characteristics were output voltage, 8,; crystal drive voltage,
¢,; thu correlation beitween circuit operating frequency and the series
resonant frequency of the crysta , Af,; and the frequency stability of the
circuif with changes in supply voltage, afy, and filament voltage, Afp.

Output voltage as 2 function of supply volitage was dotzrmined for
the refurence circuit at each test frequency. The sets of data were then
correlated ' . produce the graph of output~frequancy characteriatics of the
two ocecillators, Simdilarly, ths crystal drive voltage was meaaured, for

the ruference circuits, and plotted. Frequency characteristics of the
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reference circuit were detarmined and tabulated.

The development of the disig: acihod, nnre tha vaference circuit
having the desired characteristics had been obtained, consisted mainly of
varying circuit component values over a chosen range and noting the
resultant. effect on circuit operation. The circuit components and
parameters varied were the bias resistances, crystal resistance, tube
tranaconductance and the oscillator load resistance,

The output and crystal drive voltages were ‘abulated for each
component value, over a range of plate supply voltages. It was found that
performance is dependent on percentage component change to the same extent
at all frequencies throughout the range. The informstion could thus be
generalized without any loss of accuracy. Consequently, graphs of output
versus component values wers normalized with respect to the refsrence
circuit values.

The complete design method for crystal osc:llators operating over
the 0.8 to 150 mc frequency range is presented in Appendix I. Part 4
fTeaents complete informmtion on the Grounded Grid and the Cathode Coupled
oscillator ecircuits operating in the 10 to 150 mc fresgusnc) range, A
complete description of these series resonant circuits is given, with respect
to circuit constructton, component chearacteristics, tuning procedure, design
SXamp1iSs; and performence charactariatica. Similar information is given
for three antiresonant circuits in Part B. These are the Colpitts
(Grounded Plate Pierce), Eleciron Coupled Colpitts, and the Milim
cecillators. Basic studies of the Colpitts osciilator were completed o

a previous Foundetion progranl. A3 a part of this program, the available
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information was rechecked and the frequency range sxtenied to <0 mec.
rerformance ipror-tion for sutminiature filament type tube circuits hes

been presented in Section IV,
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YI. SERTES RESONANT OSCILLATOR OPERATION TO 200 me

Investigations have bsen made of the performance characteristics of
the Grounded Grid and Cathode Coupled oscillators opsrating at frequencies up
to 200 mc. In general, it has been round that the circuits must be operated
&t a higher level to sustain oscillations, Ouiputl voltage is somewhat lower
and crystal drive higher than that experienced st the lower frequencies,

Crystal units were¢ obtained from ssvers1l mamfactursrs at the
specific frequencies of 175 and 200 mc. The series resonant resictance of
all units wes less than 100 onms as msasured in the modified TS-683 Crystal
Impsdance Meter, The 175 mc units were mounted in HC-6/U holders and the
200 ms units in HC-18/U holders, Ths crystals oparated on the ninth ovsrtone
of thelr fundamental frequency.

Circuit constructional details followed the form of the lower fre-
quancy oscillators, It was necessary tc use sxtreme care in the wiring of the
circuits becauss of stray capacitances and lead inductances, It was fourd
that many circuit components, apeéc_fically bypass and decnupling cavacitors
and some RF chokes, exhibited seli-résonancs &t the ascillator operating
rrequencies. Silver mica capacitors were chosen for most apolications and
choke coils were selected to minimise decoupling problems,

In order {0 ovbtain rezzcnable nperation of the Growrded Grid circuit
throughout the rangs of frequencies and plsi¢ supnly voltagea over which it was
tested, it was found necessary to decrease the cathode blas resistance to 100
chas. The load rasistance used was 10,000 ohma. At 175 me the output voltage
daveloped variad from a low of 3.0 to a 1igh of 14.0 volts as the plate snDply
voltage was varied Trom 75 to 190 volts, Crystal drive ranged from 1.0 to 8.0
m¢ over the same operating rangs. ‘1he average value of ;\fb /as approximately
7.0 opm., At 200 m it was necessary to reduce the cathode bias resistance to
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zero. Here, Lhe output vcoltage and crystal drive were in the same range of
s as thosa at 175 mc. The avarage value of 4f, vas about 6.0 ppm.

Prora: operation of the Cathode Coupled Circuit was somewhat more
difficult to obtain than for the Grounded Grid, However, by making R'k( oqual
toc Zero ard nn oqual to 100k 1t was possible to cbtain orystal controlled
operation even with the SOOO chm load. Oscillations could not be obtained for
plate supply voli«ges less than 100 volis with this oircuit arrangement, Out-
put voltages from 3.0 to 10,0 volts and erystal drives from 1.0 to 7.0 wa
were obtaiined for a range of B+ of 100 to 15C volts. Frequency correlation
figures were below the series resonant frequency of the crystal by approximately
10 ppm, Frequency stability, Atb, averaged about 10 ppm over the frequency
range and plate supnly voltages used. The above performance information was
common to both the 175 and 200 mc circuits, although operation at 200 mc re-
sulted in slightly less output voltage, even though the locad resistance was
increased to 10K omms.

The risulte of the limited tests at thess frequencies indicate that
circult performance follows the trends shown in the design data, However, due
to the low output power and high drive characteristics obtained at 200 me, it
seeme that the upper limit for conventionel crystal oscillator circuit
arrangements is being approached. Twe possible avenues of further development
are indicated. One is the we of circuits having distriduted parameter
components, the other would be the use of a circuit similar to the hiygh
Trequsancy CI Keter unit followed by sufficient power gain to provide reasonahle

output,
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VIJ. CONCLUSIONS AND RECOMMENDATIONS

Investigation of ilic nerformance cnaracteristica of a variety of
cryrtal oscillator circuits has resulted in the development of 3 design
method for a selectsd group of series and antiresonant oscillators. Two
series resonant circuits, the Orouaded Orid and the Cathode Coupled oseii-
lators, chosen from a group of twelve circuits, exhibited the most desirabdbie
characteristics of output vcltage, crystal drive level, c¢ircult construction
and tumiy. and frequency stability. Variation of circult components and
parameters over a wide range of values resulted in the determination of a
set of performsnce characteristics which could be normalited with respect
to those of a reference circuit capable of opsraiing over the entire range of
frequenciss and plate supply voltages.

From the generalised information a set of grapha and tables were
derived for each circuit type, which can be used to design an oscillator at
army specific frequsncy in the rangs. 1The reference circult, on which design
changes may ba made in order to obtain specific performance characteristics,
is the basis of all measurements. It is recammendsd that this circult be
used without design changes wherever possible. Fowever, 1f design changes
are required, the accuracy of predicting output voltage is within 20 percent
of the values indicated for specific eircuit designs. Crystal drive may be
predicted with an accuracy of approximately 30 percent, based on measurements
of crystal voltage and assumed resistive oparation of the crystal.

Three antiresonant circults, the Colpitts or Grounded Plate Plerce,
the Elactron Coupled Colpitts, and the Miller oscillators, have been in-
cluded in ths design metliod. The bulk of the investigation of these circults

had been performed on a previous program, bu® were investigated further in
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order to extend the frequency rangs 0 20 mc. Hare, again, the reference
¢ircuits are recommended for uvse, vheiever possible, without design chacges.
However, iuformation is aveilable to effect design changes, using a format
similar to that of the series resonsat circulte.

Design information for two circuits used for speciul application
is alsc included. These circuits, the Orounded Orid and the Capacitancs
Transformer Coupled oscillators, utilise sumirniatire typs tubes having
directly heated cathiodss. Ths latt cirewit provides true crystal controlled
operation and is recommended over the Orounded Crid cirgult. Howsver, the
former circult may prove useful in certain applications, although stability
ie much poorer for changes in ambient conditions.

The circuits have been designed to provide reasonadle outnuts and
utilise sourd engineering principles of operation. Performance characteristics
have besen optimiced wherever possible to take advantage of component and
parameter ratings. The design examples outlined in the Desiyn Deta section
(Appendix I) were selacted to show the method of maximising output voltage
while staying within prescribed limits of crystal drive power. Howevor, to
obtain other specific charscileristics, such as incressing frequency stahility,
etc., it would be nenessary to investigate circuit changes capsble of pro-
ducing ths dosire’ r-rults as described in the body of this report.

Experimental evidence indticatee the fsasibility of using the two
series resomant osclliator circuits av irequencies up 1o 20C =c. Howsver,
it is apparent that the upper frequency limit is being aporoached for
conventiomal crystal osclllator circudt arrangements. Although parformance
characteristics follow the trend showa for lower frequency operation, out-

rut power is much lower and crystal drive is high. Tor thease frequencies,
ARMOUER LS EARC W FOUNDATION or FLL O S I $Y I TUT R OF TECHNQLOGY
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1t may be desirabls to use circuits having distributed parameter componenis.

VIII. IDENTIFICATION OF KEY FERSONWEL

The fol. «'ng is a listing of the key personnel working on this
"Tograa Lofather - th a tabulation of ths snproximate number cf hours each
man has spent on the entire project. Additional hours for other services

are also listed.

Man and Title or Service Project Hours
R. W. Bull. Supervisor u76
¥. Bopley, Assisiant Experimental Zngineer 221k
H. E. Truen, Assnciave Inginser 2056
J. . harinaky. Aczistant Experimental Engineer 1739
4. 0. "aiv, Assistant Engineer 3552
E. A. ">berts, Assistant Ya mger 27
Techni.clan Services 687
Supporting Services 327
Drafting and Shop Zervices &22
Others 58

In the paragr.phs to follow, the background and qualifications of
these men are given. The reriod of time each man was associated with this
prograk 1s i; ilcated under his name.

R. W. Pull - Supervisor, EBlectrcnie Instrumentation Section

January, 1956 - August, 1957

% . Bull has been active in electronic circuit development,
insirumentatior systems and system component studies for over seven ysars.
Ris experience includes work in the areas of temperature measurement and
control, telemstering, medical electronics, and industrisl inspection devices.

has developed & special instroment for uss in alcrowave spectroscopy

-
ne
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studies and is active in the development of transistor circultry and test
equipment. Mr. Bull holds the Bachelor and Master of Science degrees from
the University of Wisconsin.

M. Eppley, Assistant Erperimental Engineer

My, 1935 - November 1956

. Enpley has over 15 years expericnce in ‘he construction and
testing of electromic devices, which includes two years service with the
Army Signal Corps. He has been an active amateur racio opsrstor since
1939, and has worked with frequency comtrol systems for anpraximately four
yoars.

H. B, Oruen, Associate Zagineer

May, 1955 ~ Augusi, 1537

#r, Oruen has over s even years experience in elsctromic circuit
design, quarts crystal applications and crysts) mit development. He has
participated in the various programs at the Foundation, and was responsible
for the Air Force programs which included circult design studies of amti-
resonant crystal oscillators and the development of a series of standard
packaged crystal oscillatora. Mr. Oruen was the project engineer of this
rrogram. He holds a Bachalor of Science degree in Electrical Englneering
and 1s following a courss of study lsading to the Master's dagree in the
evering division of Illinocis Imstitute of Technology.
J. 8, Kurinsky, Assistant Experimentsl Enginesr
Jovember, 1955 - August, 1957

¥r. Xuringcy has mine years experience in construction and testing
of oscillat™ circuite and frequency comtrol devices. including crystal

unmits end BAgmetostriction resomators. Hs has participatad in various
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frequency contrcl programs carried out by the Foundation and has been
especially astive in crystal varimeter measurements and tests.

A. O. "lait, Assistant sngineer

September, 1955 - August. 1957

Mr. Plait has been aciive in electromics for ten years, including
five years service with the U. S. Naval Reserve as an instructor of electronics
and nathematica. He has also served as assistant supervisor of a Naval
Zlectronics lLaboratory for two years. He has had four years expaerience in
the design of high frequency circuits including crystal oscillators and FM
modulation circuits. Mr. Plait holds Bachelor of Science degrees in
Mathamatics and KElecirical Engineering and is currenily rursuing a course
of study leading to the Master's degree in ths evening division of Illinois
Institute of Technology.

E. A. Roberts, Assistant Manager, Electrical Enginsering Research

May, 1955 - August, 1956

Mr Roberts hes had thirteen years of esmsriemce in the communica-
tions and instrumentation fields and has concentrated on problems specifically
related to frequency control for ths past nine years. He has contribated
to this program primarily in a supervisory capacity. He holds a Bachelor
and Master of Science degree in Blectrical Engineering from Illinois

Institute of Technology .
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C5531, amd C5873.

APPROVED:
-

;.’ sor

. »
Instrumentation Section

NGO,

Electrical Engineering Research

AbMOUR RESTARCH FOUNDATION

OFf

CLBi6,

Respactfully sumitted,

ARMOUR RESEARCH FOUNDATION
of I1linois Inatitute of Technology

Q.0 (ack

k. 0, 7lait
Assistant Engineer

S E L

H. K. Uruen
Associate Engineer

AL I WMSYITUTE OF

- 105 -

TECHNOLOG Y



a— e

e

APPENDIX

I

DEIGN DATA POR CRYSTAL OSCILLATOR CIRCUITS
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1. THE GROURDED GRID OSCILLATCR - 10-75% mc

a. Cirecuit Description

The circuit diagram of the Orounded Urid oscillator recommsnded {or
use in the 10 to 75 mc frequency range is shown in Fig. i. Coll valuss and
general characteristics for this circuit are shown in Fig. 2. Winding data
at specific frequencies is given in Table I, These are typical values used
at the test frequencies, The inset graph of Fig., 1} shows the values of the
feedback capacii r :f, which are raquired st the indicated frequencies through-
out the range. The purpose of this capacitor 1s to tuns out the series leakage

industance of the plate tank coil, L, and provide isolation of the crystal from

0’
Be, PFor operation over a baxd of frequencies a single valus mxy be used. Fre-
quency correlation figures will be affected and “hs cholce must be made with
this in mind. A value at the center of the opsrating .and is recommended.

The recommended oacillator circuit, to which ell performance and
design date 12 referred, has the foliowing component and circuit parameter

values:

= 10K shmes (grid bias resistor)

w om

.

200 ohms (cathode bias rsistor)
5000 ohms (plate load resistance)

W

= 25 ohms (series resonant crystal resistence)

The tube type is a 5670 miniature dual triode with a nowinal g of 5500
=icrsahcs, The recommended hwynuas and dacomnling component valuss are as
shown in Fig. 1. This configuration may be altered, however, where required
in 2 specific application. Ths important point is that adequate decoupl

and bypasesing e maintained.

It shouid 5¢ noted that for operation below 4O mc, I‘x’ which at

ARMOUR RS STARCHS FOUNDATION OF L RO S FINSTITUTE OF TECHWNOLOGY
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Prea, | Coil ~ Coil | Wire <Coll [Tuns’ Tep | L | Q | Lg| k | Iy
i Fore | Size  length| | ;
we T -—__* ghen | inches| - | twrns| ph i - | wh _:_r@__
- !
Ly 186-E, 3L | 5/16 bowr ‘l - 370 0] - - | -
v i
10 L, 185-B | 32 | 7/8 53 ‘10.5 16,4) 60 (3.9 .47 3.0
I"fi L1 ! - ‘;, .25 - | - a2l |- -1t -
L 186-C 27 | W4 15 | - |Lelesi- |- -
! ‘
.4 L, 160 271 548 23 ! 6.0 | 2,4} 60 |1.2 |.L8| 1.0
Ly * 2112 1 i - loafls| - |- -
} e e -y R + + s i -
L 1860 - 26 12 10 ' - 07{%| - |~1|-
&0 I 186-0 26 /2 12 3.0 0.8] 80 |0,2 |.50].15
I i 32 . YR A e I I e
L, (60 | 2u 1/2 8 | - io..; 1Bs| - - | -
15 Ly 1186~ 1 20 5/8 8 | 1.5 |o.ul120|.0b |.53].03
L - 2w a2 - jorjwo)- |- -
. - bl

NOTB: The indicated coil types for Ix and are Cambridge Thermionic

Corp. forws. IS5 is 3/8" 0.D., 1,063* long. LSO~ is 0.26" 0.D.,

27/32% long. The suffix designates the core formulatior, CL-1
id an International Radio Corp. molded coll. ® designates a aica

base form, 3/16" O.D., J/U® long. Ly {ai & zc) s wound on

a 2K,

1 watt carbon camposition resistor. At 75 mc, a 1/2 watt reaistor

is ured. The tar on Ly is measured {rum the ground end.

The inductance and { of all coils were msasured at their respectivs

fraquencies ori a Boonton Radio Corp. Q Meter, Kodel 160A.

TABLBE 1 - GROUNDED GRID OSCILIATOR CUIL DATa

10 - 75 me
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higher frequencies is used to cancel the crystal shunt capacitance. Co, is

not required, However, it 18 necessaury io include L“, the series feedback

coil, for jaoper ToIusTTy Yztian and airenit susrstion. Th's coll 1is
not used at frequencies abovs 40 mc.

b. Compomant and Circuit Construction Details

The recommended componants are generally standurd, commercially
available types, Thia is trus of all the circuits for which design data is
presented, except where noted in the appropriate discussion. Resistors are
standard one-half wa:t carbon composition types. OCensrally, ail capacitors
are disc or tubular ceramics. However, in some cases, stand-off or feed-thru
ceranics may be used to advantage. In those cases where variable or high
anbient temparatures are er-ountered it is suggested that small silver mica
capacitors be used in all bypass, decoupling, and filter networke. These
capacitors are availabie in standard sizes, and in addition, can now be ob-
tained in "button® shapes with various wmounting forms.

Tuning coils, such as l‘k and Lp, and special coils, such as Lx ant
Lsf’ are completely specified in the coil winding duta tables and curves.
Decoupling and filter coils are minlature molded types. However, whers space
requicements are stringemt, spacial mamufacture or hand wound coils may
necessary. It ism not necessary that the coils have the exact physical con-
figuration shown in the accompanying data. However, inductance values must
be chosen to resonate with the actuel circuit cap :ity wvilues and must have
Q's in the range of 50 to 100. The tabulated information is inciuded to serve
as a guide in selecting initial val-ss, Since Lk is in & lowx impedance point
of the circuit, a fixed coil may be used i the operating frequency rangs i3z

not toc broad. Tn mosmt cases a range of 15 to 20 parceni on either side of

nov oo
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the center frequency may be covered by a fixed (ofl.

Standard shield base ncval tube sockets are used. In order to
ninimigze the undesirable effects of lead inductance and stray wiring capaci-
tance, the physicul layout of the circuit must be carefully designed. The
use of the tube centerpost as the major grounding point is advisable.

The constructional details of ths performance teat circuits may be
seen in Fig., 3. The photograph shows the layout of a typical 75 mc Orounded
ing 0 the schematic of

Orid oscillator, Ths

g osclill 2vCT 134

omponents are labslled accor

(4]

di
Fig. 1. Note that 11: i3 a 7ixed inductance, as is Lx which is located beneath

the crystal socket.
c. Circuit Tuning Procedure

Initial tuning adjustments are as follows. Lx is wired across the
crystal sockst terminals and all other comumctions to this socket are remowed.
With vhe crystal plugged into the socket, the coil is adjusted to resonate with
C° at the erystal frequercy. This may be accomplished with a grid dip meter
(Messurements Corp. Mxdel 58 Megacycl. Meter, fur exawple). Tha corract value
of inductance is indicatsd when the dip coincides with the activity peak of

hough 3iis adjusiment is not critical. When Lx has Deen

ths corystal unii, alit
tuned, ths crystal is removed from the socket and ors side of Lx is opened.
A1l other normal conmactions are wired to the crystal socket and f1lamernt
powsr is applied to the tube. The nlate supply voltage is left off., Lk is
Yhwn ituned vy tes of a grid dip metsr to the nominal crystal frequency, fne

At this point, Lp may be approximately tunmed by the same procedu~s. Tha plate
coil tap polit, of which nominal wvalues are 1isted in Table I, was choaen,

for these circuits, to provide good output to crystal drive ratios. The coll

tap point is not varied as a circuit parameter since changes from the chosen
TE. HMOLCGY
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value result in decreased power ratios cor poor amplitude stability. If the
tap point is too close to the ac ground end of the coil, osciilations will
not be obtained. If the tap point is too high, large crystal drive levels
and low power ratios of power ocutput to drive are obtaimsd. The operating
point is chosen in this range, maiing surs that the point is sufficiently high
to obtain oscillation st :ll valves of plate supply voltage. Lx is rewired
on the crystal socket and with the crystal in place, the plate supply voltage
is aprulied. L!p is now adjusted for maximum cutput voltage and the procedure
is complsts. The tuning indication may be obtained by direct metering of the
output voltage or by adjusting the clrcult for a maximum grid current or grid
bias voltage. The difference in output and crystal drive resulting from
either tuning msthod is negligible. However, the frequency is hiznsr when
the blss is used for tuning indication bat is within three parts per million
of that obtained by tuning to peak output.

d. Circuit VYerforaanca Characteristics

Curves of output voltage and pcwer, and crystal drive versus fre-
quency of operation are shown in Figas. L, and 5, respsctively. In addition,
curves of required valuss of B¢ and the resultant outpui for constant values
of crystal drive over the frequency range arse pre ented in Pige. § and 7,
respectively. These graplis depict psrformance of a circuit having componeat
values as indicated in Fig. 1. The performance “igures obtainsd f{rom changes
in romnonent. valua are normalised with respect to the racommended circuit
figures. The resulting norralised graphs are shown in Figs. 25 through 29,
on fold-out pages 55 through 59 . These graphs show output voltage, cutput
power, and crystal drivu level as a function of the values of RL’ Rg’ Rk’ Rx’

ard E,» T spectively.
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It is possible to opera‘e the circuit over a band of frequancies
without retuning the cathode coil. If tne frequency of operation is within
#20 percant of the fixed-iuned frequency of ihs cathods soll, tis miput will
wary less than 15 vereant and the fraqusncy correlation figur: v'll be within
15 ppm from the cethods coil center frequerncy valuss. Cryst °~ voltage corre-
lation cannov be obtained since the crystal is not operated at the series
resonant frequency. As a result, power dissipation figures ars not easily
determined, but 1ie in the rangs of values indicated in Pig. S.

In order to utilise these curves for design of the Grounded Orid
ostillstor in the desired frequency range, examples are shown below.

e¢. Circuit Design Examnles and Use of Curves

The circuit as shown in Fig. 1 has been found to r.ovide the most
satisfac-ory performance throughout the frequency ranges and s recommended for
the majority of applications., In Zuct this circuit should be used without
wodification wherever possibie. In some equipment designs the available supply
voltage may not allow this circuit to operate to its full capabili:ty. In such
cases design changes may be ac:omplished as shown in the later examples.
Performance graphs {or the recommended circuit are accurate to within ten
percent. The design graphs yield prediction accuracies of output, wiih char ges
in any ons component, in the order of 10 to 15 percent. For simultaneous
changes in R’L’ Rg, and Rk’ the average of testad cases has reesulted in accu-
raciss of 20 t0 25 percent. More than two-thirds of these cases showed
accuracier Luiter than this figure. Crystal drive voltage measurements, made
with the assumption of resistive operation of the crystal, revealed prodiction

accuracies in the order of 25 tc 30 percent.
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It 42 recossmended that wherever feasible the output coupling be
rdjusted %0 provids wa effective loed resistance of 5000 obms tc the oecil-
lator at the frequency of opsration. When this is not dons reference must
be made to the narmalized load resistance graph of Pig. 25. Pigure 28, which
shows the sffects on performance of variations in crystsl resistance values,
can be used to indicate the performance when a crystsl of specific resistance
is used or to show the range o perfarmance of typical crystals for the
Orounded Orid circuit st 10 ¢¢ 75 me, Performancs is referenced to a crywtel
resistance of 25 olme, Recommsnded military crystal types which can bs used
in this spplication are CR-19/U, CR-2L4 A, CR-28/U, CR~32/U, CR-32/U, CR-52/C,
CR-5L,/U, CR-S5/U, amd CR<56/1, Reference should he mads to "WIL-L-3098B
Crystal (nits, Quarts* for specific crystal informstion such as maximum
resistanos limits, physical configuration, and frequsncy range.

One of the chief valuss of the design method presented here is in
the prediction of aocillator performance of a given design. At specified
frequency and plate supply voltage values, performance of the recoumsmied
cirouit is deterwined from Figs. 4 amd 5. IZ the output amd drive level
values are OteY than Lhwee dealrsd, rafsrence is made o Piga. 6 and 7 and/or
the narmalised curves €o determine wnicn circuiv pwremsies @y e changsd =
produoce the mecessary results. Any paramster that muut remain fired would
slixinate the uwee of its corresponding performante cvwrve.

The normalised ¢ircuii compumsatl or pafEaanss fasismes sre nhtained
ty dividing the desired or necessary paramsier value by the recamssmied cir-
cuit value and the result applied to the appropriate curves. Por example, t.3
reference load resistance is SO00 ohms, and if the dasired load is to be 4500

]
olmes, the normalised load factor, "LL' is then 4500/S000, or 0.9. Similarly,

ARMOUR RESLAALHW FOUNDATIOW OF «(LL'MO § '®3fITUTE 2F TECHMMNOLOGY
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i the reference circult output voltage is known, or found, %o be 8.l volis,

1
and an output of 13.0 volts is desired, then the normalised output factor N |
i3.0

is , or 1,55, Normalizsed componsnt factors as identified by the

1
subseript, on N', which indicates the componsnt being used, such as HRL’

'
&g, etc., the norm-~lised factors with changss in RL, Rg, etc. Normaliszed
rarformance factors, N', for output voltage, output power, and/or .rystal
drive have no subscripts. Howsver, these factore sre individually identified,
to svold confusion, by the statement, ‘N' for output voltags,™ etc., as used
throughout the following text. Recommended circuit comporent or parameter
values given in this manual should be followsd, wherever possible, since the
recommsndad cirecuit is optimm for typical application.
To {llustrate the use of the dasign graphs, the following exampla
is glven:
Assume an oscillator is to be designed havirng the following circuit
and performance raquirements:
fn - 50 me
Be = 100 volts
RL = ;OO0 olms

Px = 2,0 mw (determined from MIL-C-3098B for
particular crystal type)

Referring to Fig., L, it can be seen that at a freguency of 60 mc and a Bs

of 100 volva, W rscommended circuit ham an output of aprroxiamately 17.5

volts ras. The crystal drive, determined from Fig, S, 1s l.L wmw. At thw
required load of LOOO oms, reference to Fig. 25 shows that fur N, = L00O/5000
= 0.8, the normalised ocutput and crystal drive factors, !|i are 0,87, aach,
where S000 ohms is the reference circuit load resistance. This means that at
the required 1oad, the cutout will be 17.5 x 0,87 = 15.2 volts and tiw drive

ARSOUR BLStaR{w FOUNDAT.ON (6N L MO S [ 25 2 SUVIR 1 Ot TOCHNOLOG Y
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%411 be 1.k x 0.87 = 1.2 mw., Sinc) the nominal allomable drive is 2.0 mw,
i1t =ay e iy o inwa a mathoda of inereasing avallzble cutput and
taking sdvantage of the driwe limit. This may be done in ssveral ~avs. Three
methods will be shown here,

The first method depends on the variability of the Be. If the plate
supply voltage can be changed, then Figs. 6, 7 and 25 will be used to determine
performarte. PFor a driv of 2.0 mw, it can be @#een from Fig, §, thet the Ps
aust be 115 volts for a 60 mc oscillator. From Fig. 7, it is determined that
the output voliage is 20.5 volts for this level of drive. This is for the
reference circuit. In order to account for the lower load of 4000 oims,

H;L = 0.8, and N' = 0,87, as shown in the orig.nal exaxple. Since operaticn

at LOOO ohma loald reduces the drive by 0.87, a Be value must be chosen which
would drive the reference circuit at 2,0/0.87 = 2,30 mw. This occurs at

Be = 123 volts, approximately. Under these conditions, the output is 22.5 volts.
Howa7er, the output at a load of L00O orms would be 22.5 x 0,87 = 19,6 volts.

For the second msthod, consider Fig. 26, which shows the normaliszed
performance variations with changes in Rg. As the vaiue of the grid bias
resistor is made smaller both P and e incresse. Since; at the required
value of load Px = 1,2 ww as determinad above, it is desirabls to lower the
value of R‘ to incroease the drive to 2,0 mw. The factor, l', is then
2.0/1.2 = 1.66, for P_. Then, K = 0.5, for which, X for e_ 1s 1.07. This
msans that a grid bias resistor og 10,000 olms (reference circuit value) times
N, (=0.5), or 5000 ohms, is the necessary value, and the drive will be 2.0 m,
ntgan output of 15.2 x 1.07 = 16.3 volts.

The third mathod uses the intormetion found in Fig., 27, which shows

the normalised variation of performance with changes in Rk’ the cathode blas
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resistor. The drive is multiplied by the factar N = 1.66 at u;k - 0.5 of
the reference circuit value, or 100 olms. The output increases to 1.1 times
the reference circuit value, or 16.7 volts, which is slightly more than that
obtained by changing Rg.

The largest output in this case is obtained by changing B® %o obtain
the 2.0 mm drive level., This will be trus in wmost cases. Similar methods may
be applied in those cases where fixed output voltage or power is required.

The two remaining graphs of Fipgs. 28 and 29 show performance vari-
ations with crystal resistance and tube transconductance. However, 1ittle
control can bs held over these parameters unless lengthy, selective tests are
made. Nevertheless, the graphs are imclwsd to indicate their effect on cir-
cuit performance. It can be seen that a 100 percent increase in cryctal
resistance increases the drive and lowers the output voltage by only eight
percent each. For a ten percent decrsase in Cy? the output voltage dscresses
to nearly one-half and the drive to about three-fourths the original values.
The graph indicates performznce whan using a type 5670 tube. The use of

different tube types having aprroxiaately the samm range of &n values can be

svaluated b

this granh also, but might necessitate an adjustment in est.ascue

- .
7w r az2o,

of circult stray capacitance and other operating characteristics.

£. Additional Performancs Characteristics

Several additional oscillstor performance characteristics have been
deleimiimd ant ars prosented hera. Tha firat of these is the stability charac-
teristics of the “rounded (rid oscillator in the frequency range of 10 to 75 mc.
Table IT shows the figuwres for stadbility with ~harzes in Be and filaaent
voltage. The correlation figure ie also givei £ v a range of crystal resist-

ence and Be values, Three crystals operating at each of thrae frequsncies,
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10, 30, and 75 mc, are shown. Afa is the carrelation figure, and is definred
ss the difference batween the oscillator operating frequency and the seriss
resonant frequancy of the crystal as dsterminsd by meamyement in ths
T3-683/TSH CI meter at 2.0 mw drive. This figure is given in parte per million
(ppm) of the nominal crystal freauency. In the 10 to LO mc range, L, is
requirea it maintain acceptable correlaticn figures. Arb is defined as the
difference bstween the oscillator operating frequency and the frequency
obtained when the plate supply voltage is varied #10 percent from a fixed
value. Since the difference betwssn the frequency readings at 10 and --10
percent is genarally less than O.1 prm=, oniy one value is given. This figure
is also expressed in ppm of the nominal crystal fregquency. Afr is similar to
Afb, whers the filament voltage is varied ¢10 percent.

An important performance characterist’s is that of frequency variation
with temperature. Crystal unit specifications for this frequency rangs, call
for & maximum deviation from the nominal frequency of SO ppw throughout tihw
temparature range of -55°C to #90°C. Howsver, typical changes from the mean
frequency values encountered for these units are between 15 to 25 ppm.
Temperatwre coefficients of circuit component parts will cause the operating
frequency to deviate furihsr. Circuit temperature-frequency variations are
less than 25 ppm and together with the maximum crystal unit deviation, amounts
tc less than 75 prm. Inclusion of variations dus to ten percent Be and fila-
mert voltage changes raises this figure to a maximum of 85 ppm. However,
use of typical crystals ylelds a value of less than 60 ppm. Of course, the
total frequency dsviation may be substantially reduced by use of crystal ovens,
(which decrease crystal frequency deviations from a maximum value of 50 ppm

—— - Py ) S - 1 - - TR N
proximately 10 p a), lemperature-compensated componenis and temperature
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- 1-21 -



stabiliszing eircuit enclosures., Curves of frequency-temperatw'e variations
are found in Figs. 20 through 24, for both the Grounded Orid and Cathode
Coupled oscillators operating at frequencies of 10, 30, 75, 105, 135, and
150 mc. The graphs show ths variations in frequency of the crystal alone
ard for each circuit. Typical variations are shown for two crystals at each
of the frequencies in the range 75 to 150 mc.

A third performance characteristic is that of harmonic content in
ths cutput of the oscillator cireuits. Comments on this charscteristic are
found in the final paragraph of Part A.2.f., and details are found in Tables
VI through VIII.

It may be desirabls, in some cases, to utilise the circuit with an
untuned cathode, Althougn the use of s tunsd cathode coll provides higher
oscillator output voltages, the advaniages of the untuned case are the elimi-
navion of the part itsalf, a simpler tuning procedury, and broad band, rather
than fixed, frequency operation. Information on the Orounded Grid oscillator
operating with an untuned cathode circuit is therefore presented. In persral,

some component changes sre necessary in the reference circuit. Typical values

"y
(=
o+

for the ranges 1C o L0 me ara 1istad below. where resistance is
in ohms and cspacitance is in mmfd. All other components remain the same as

in the reference circuit. It should be noted that for this application, I’af

is not uned.
Fragusncy Ranges
C omponent 10 to 20 me 20 to LO me
R‘x 330 330
]
cf L70 u0
ARMOUR RESEARCHM FOUMDAT:ON OF (L 1 NO1H iNSTITUTE Of TECKNOLIDSGY
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Opsration beyond LO mc is very poor and it is not advigable o slimirate the
cathole coil in that fragquency range,

Performance curves for this application of the Crourded Orid oscil-
lator are shown in Pig. 8. Although frequency correlation is reascnable,
provided the component values suggested above are used, stability is poor and

becomes worss with increasing frequency of operstion.
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The circuit diagram of the Grounded Orid osciilator recommended for
use in ths 75 to 150 mc frequency rangs 1s shown in Fig. 9. Coil winding
data is presented in Tahle III and Fig. 10.

The oscillater circuit has the componsnt and circuit parameter
value3 given in Part A.l.a., except for the reference valus of Rx which is
51 ohme for this freguency range.

be. Component and Circuit Construction Details

In gereral, the discussion of components and circuit details given
in Part A.l.b, applies here. Huwsver, greater care must be given to lmad
dress, groundirg, and parts placement at thess higher frequencies.

c. Circuit Tuning Procedure

Ses Part A,l.c,

d. Circuit Performance Characteristics

Curves of cutput voltage and power, and crystal drive versus fre-
quency of operatior, are shown in Figs. 11 am 12, respsctively. In addition,
curves of required values of B¢ ard the resultant output for constant valuss
of crystal drive ovor the frequency rangs are presented in F.gs, 13 and .L,
respsctively. The graphs depict perfcrmance of a circuit haviag compcnant
values indicated in Fig. 9. The performance figures obtained frim changos
in componsnt valus are normalized with respect %o the racommended circuit
figures. The resulting normalised graphs are common to the entire 10 to 150
wc frequency range and e shown in Figs. 25 through 29, on fold-cut pages
56 through 59. Thasa graphs show output voltags, output power, and crystal

drive level as a function of the values of RL' rg, Rk’ Rx' armd B respectively.
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Preq. Coil Coil Wire' Coil |Turns | Tap | L| Q | L[ x |1,
w . ,. Fora B8ize Length 7 R
- - " gsgs inches ] - ltwrnel ki - D uhl - lub
1x - 32 W | 22 - |.67] 10} - -1 -
75 I, 860 2 /2 8 = {39135 - - | -
L 1860 20 5/8 8 1,5 1,42 {110 .04 'S)L'OJ
U PGS SN S N SN — S S .
L - 27 | 4 16 - | 5| | -1 -
05 L, 1860 20 i 1/2 I3 - .29 133} - | - | -
! |
L, 1860 20 ¢+ 1/2 6 1.0 .20 85 .04} .51| .03
. + - = 4 - —— e e e e 4 - e
Ly - ah ¢ 3/8 | 10 - 23| - - -
15 L 186D 220 38 | & -l sl - - -
| L, 1860 20 | 12 | 3.5 | 0.5 22 85 | .03 | L2 | .03
- e e e _— - [— - - —
Ly - 2 | 5/32 | 8 . SUREE A S
|
150 1, 18D 20 | 916! L - .09 (W5 | -~ | - |-
L, 1860 20| 12 | 3 |1.0lo0985f.03].52] .02
L |
NOTR: Ly is wound on a 2K, 1/2 watt carbon composition resistor. The

indicated coil types for lg and are Cawbridge Thermionic Corp.
forms, 0,.26% 0.D,, 27/32" long. 6~ is the part number specify-
ing the coil form type and size. The suffix designates the core

formulation,

The tap on Lp is measured from the grourd end of the coil.,

The inductance ard Q of all (iyolal ‘ulls, &, were weasured ati

%) mc on a Boonton Radio Corp, Q Meter, Model 160A. The inductance
and Q of Ly and were measured st their operating frequencies on a
Boonton Radio Corp, Q Meter, Model 17CA.

ARMOUR

TABIE II - GROUNIED GRID OSCILIATOR COIL DATA

75 - 150 mc
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Figura 15 combines the affect on output of increasing or decreasing
RL, Rs, and "k simntanecualy and by the same percentage. This figure i
obtained by taking the product of the average output factors, reprssented by
the curves in Figs, 25, 26, amd 27, resultinrg from the sare percentage of
resistance change for each of RL’ Rs, am lk.

The graph effords & check on the rellabiiity of tho design data for
s wide range of operating conditions. If, for example, these three components
are each increased by & factor of 2,0 over the referenze value, it can bu seen
from the graph that the output decreases to 95 percent of the reference output.

Nssvlts of circuit measurements to chwck this are shown in Table 1V.
Here, two resisiance facior valwnes, 0.65 and 1.66, were used. This means thai
RL, Rg, and Rk valuns in the new circuit are the stated percentages of the
reference circuit valuss. From Fig. 15, the corresponding output factors,
R', are 0.85 and 0,98, respectively. A circuit was constructed whoss com-
ponente corresporded to these values and output wa: maasw at four lovele
of suoply voltage. These ocutpui measursments are tabulated in the column
headed ‘oo'. The theoretical changes are listed under ths colu.n headed
"l!'o;‘ where -; is the reference circuit output sand N‘ is the output factor

resulting from the use of the information in Fig. 15.

The affect on cutput voltage resulting {rom the use of different
tubs types and having a rangs of valuee of €a is shown in Figs. 16 through
19, inclusive, where the frequsncies of opseration wae 75, 105, 135, and 150,
respectively. Z2ach graph represents ths output obvtained from the refersnce

circuit using a 6AJL, a 6ABL mirmiature triode, and a mingle section of a

ARMOGUR @i .5ARIW FOUmMDATION OF tiL MUIS WS ITUTE CF TECHNCLOGY
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Ciroult 75 105 | 135 150
Comdaitiona »o | "o | mo ma
L. . —— 1 —— — , . 4 ‘
| LU LI % o '{ N'ey 04 | Mleg e | Moy . e,
f‘"—‘f_"—‘*‘ .._ﬁ_i_~_‘~__.__¢,-, _ ,,‘___.._t______4
| ! 50| 2.6 . 3.6 3! 20| - - 3.0 . 3.6
i ‘ ‘ I
75 6.5 B 19-?. : 6.7 l 9.)4 - - 5.6 555
0,65 0.85 : ‘ ; | ;
1100 | 9.9 | xu.a} 9.8 13.2i 6.8 10.2 } 8.4 . 8.2
| 1 | { +
; 125 | 13.8 | 17.9 13,1 | 1645 110.7 ' 13,6 '11.6  11.9
— pom o g e e e =
| ‘; 50 5.0 ! Ll 6.3 | 3 - L - Sels 39
i ‘ i
175 110.7 © 11,8 [11.2 - 10.8 1 7.2 | 7.8 4.5 6.1
1.66 0.98 ; : !
1100 15,8 © 16,5 116.0 | 15.0 (11.5 | 11.6 9.7 9.5
‘ ? I
125 20.3 2.6 21.0 tl 19.1 1‘:s.u 115.6 13.3 137
- -
TABLE IV - COMPARISOE OF PREDI(TED AK® MEASURED FERTFORMANCE
OF THR GROWDED GRID OSCILLATOR CIRCUIY
ARKOUR RESCARCH FOCUMNDAYT ON QF LLiwOIiS FNSTIY T oF TECHMOLOGY
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$670 miniature dnal triode, Thres JAJY tubes, having different weluws 7

By wors used. Ths rsference cireult component tube is a 5670 having a
measurad g of 5300 micromhos. All values of Zp VO determined with a

Hickok Model 533 Matual Transconductance Testsr under standard test comditions.

By comparing the range of cutput voltages avallable at various levels
of Bé for the different 1 .lues of tube transconductance, it was detormined
that this information could be normalised in the form of cutput voltage wversus
& This i3 the basis of the curve of Fig. 29.

In addition to the information discussed above, a new ceramic pianar
triode, the 6BYL, was tested in a Orouwnded Grid oscillator circuit configu-
ration. Output and drive level data compared with that obtained using
conventional tubes., However, the manufacturer's tube transconductance speci-
fications could not ba met with the units made xrailatle to the program.
Values for g were somswhat less than 5000 micromhos,

In order to utilise thase curves for the design »f the OGroundsd Orid
oscillator in the cisired frequency rangs, examples are shcwn below.

eo. Cireuil Design Examples and Use of Curves

The circuit as shown in Fig, § has been found to provide the most
satisfact ry performance thrcughout the frequency range and is recomnended
for th: majority of applications. This circuit should be ussd without
modification wherever possible, For special performance requirements, where
the recommended circuit does not give the desired results, circuit design
changes may be accomplished, as will be shown in the dexign examples.

Recommsnded xilitery crystal types that may be used in this appli-
cation ars CP-CL/U and CR-CA/.. The specifications on these units cover

frequancies up toc and including 87 mc. Maximum crynta) resistances used st

ARFMOUR RUSLARCHM FTOUNDATION Of il NMOYS IHMSTITUTE OF TROCHMKOLOCGY
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75 amd 105 mc were 60 ohms., Maximum resistance used at 135 me, and 150 me

B icin - SR 4
bmand

was 100 ohma, -

Although MIL-3098B does not cover crystals operating sbove 87 mc,

avnilable unite and SCEL recommendations indicate s ..*ximum crystal resistance

of 60 ohms up t< an including 125 me ard a maximmm of 100 ohms to 150 mc.

<A Gy *

Although good quality units were available for the prosent investigations up
to 150 mc, one umit which has a series resonant resistance of 160 olms wase
included in the data.

Of the crystals available, the spread in crystal resistance at

certain frequencies is limited. 1n order to expand the range, rasistores

P P A

wre used in the circuit as subsiitution elements and performance measure-
m nte gmre madg, Where resistors were used in plaze of existing crystals, no

appreciable change in voltage was noted, provided proper reactive compensation

W o b g -

of the resistors was made. In this manner, the reference circuit crystal
resistance of 51 ohms was made svaliable throughout the frequency range,
although there were no crystal units with thie value of Rx at all frequencies.
To 1illustrate the use of the desiegn gravhs, the following example
is given ueing tha format of Part A,l.e.
Assume an oscillator is to bs designed having the following ~ircuit

ard performance requirements,

105 mc

100 volts

{000 ormes

N‘u!'iu ?!JN

= 2,0 mw
The 2.0 me drive level figure is determinsd from general MilSpmca for crystals

in this ir Juency range, ¢r from consideration of frequency stability for

those units not giver in MIL-L-3098R., Tha graater the drive, the more the

ol GO U G R0 ed Seurd b e b beead B Wemd bl deed  bamm)
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frequency stability may be degradad.

Piz. 11 shows that st a frequeancy of 105 mc and s Be of
100 volts, the output is apmroximately 15.3 volts rms for the recommended cir-
cuit. Tho crystal drive, from Fig. 12, 1is found to be 2.1 mw. At the required
load of LOOO ohms, reference to Fig, .5 shows that for ‘;L = 000/5000 = 0,8,
the normalised output and crystal drive factors, ‘l; are 0,87 sach, whare 5000
ohms 1s the reference circuit load resistance. This means that at the re-
quired load, the output will de 15.3 x 0,87 = 13.3 volts and the drive #i11

be 2.1 x 0.87 » 1,8 mw, Since the nominal allowsble crystal drive is 2.0 mw,
it may be derirable to investigate methods of increasing available cutput and
take advantage of the drive limit. This may ba done {n several ways. Three
methods will be shown here.

Che method depends on the variability of Be, If the plate supply
voltage can be changed, then Figs. 13 and 1L will be used to determine per-
formance. For a drive of 2,0 mw, it can be seer, from Fig. 13, that the Be
=ust be 99 volts at 105 mc. From Fig. 1l, it is determinsd that the output
voltage 18 15,0 volts for this level of drive., However, this is for the
reference circuit. In order to account for the lower lcad or LOOU omms,

n;L = 0.8 and K' = 0.87, as shown in the original cxample. Since operation
at 4OCO olms losd reduces th+ drive by 0.87, a Be value must be chosen which
;mld drive the refersnce circuit at 2.0/0.87 = 2,30 mw. This occurs at a 3e
= 107 volts, approximataly. Under these conditions, the outmut is 16.7 weltrs,
Hows7er, the output at a load of 4000 ohms would be 16.2 x 0.87 = 14.1 volts.

The second method uses Fig, 26, which shows :he normalized perform-
ance variations with changes in RE' As *the value of the grid bisxs reslstor
ie made smaller, both Px ad ¢ incresse. Since, at ths rsquired value of

A ous eccraRC e T OULNDATION OF L LiMOIS NSTITUTITE CFk TECHWNOLOGTY
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load, P_ = 1.8 mw, as determined above, it is desirable to lower the value of
t
llS to increase the drive to 2.0 mw. The factor X , is then 2.0/1.8 = 1,11,
)

for Px' Then, ln

¢ = 0.85, for which l' for . is 1.0} This means thst a

214 bias resistor of 10,000 ohas (reference cireuit vaiune) times ‘;s (=0.85),
or 8500 ohms, is the mecessary vaiue, and the drive will be 2.0 mw, at an
output of 13.3 x 1.03 = 13.7 volts.

A third method uses the information found in Fig. 27, which shows
the normalised variation of performance with changes in Rk’ ths cathode bias
resistor. 7To increase the drive by s factor of 1.11, the ocuipit increases by
a factor of l' =1.04 at ﬂ;'t = 0.90. Then the new value of Rk 8 200 x 0.%0
= 180 olms with an ocutput of 13.3 x 1.04 = 13.8 volte.

The largest output in this case is obtained by changing Be to obtain
the 2,0 mw drive level. Similar methods may be applied whers fixed values of
output voltage or power are required. In the examples whown above it is
quastionable 41f the labor involved in modifying the circuit is Justified to
increase the cutput voltage. The reference circuit output of 13.3 volts
using the required load 1s increased by the modifications to a maximum of
14.1 volts, an increase of only six percent. However, in those casas where
the resultant drive is somewhat lower than 2.0 mw, i.e., in the order- of 15

percent or more, modificationm of the circuit is advisable. Similarly, when

the drive 1is excessive by about ths same percentage, circuit changes should
be effected to reduce thic power dissipation.

L d o

Th: two remaining graphs of normalised performance curves (with

respec ] Yo n acuse in «d.e. -2.4. 2 n this
t toR_and g ) have bean di od in Part A.l.e.; A.2.d. and in thi

saction, Fuorther

—_arox A

tgn Wwethod for circuit changes follows

the pattern described in the sames se:tion noted abdbove.
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f. Additioma]l Performence Charactaristics

Additional performence sharssteristica for the Orounded Orid
operating in the 75 to 150 me frequency range have been determined and are
presented here., Table V shows the figures for stability with changes in
B¢ and filement voltage. The correlation figures ars also giver for a range
of crystal resistances and Be values. Three cryrtals operating at each of
four frequenciss, 75, 175, 135, and 150 mc, are shown. The definitions of

81y bf,, and Af have been given in Part A.l.f.

4

A secomd performance characteristic is the change in frequency with
varistions ‘n temperature (see Figs. ZO througi. 2)i). Por this frequency range,
complete specificstions on the crystals are not available; however, far the
=55°C to *90°C range, a maximum deviation of SO ppm from the nominal frequency
of the crystal is ass'med, Typical values of deviation frow vis mesn valuss
encountered for these units are between 10 and 30 ppm. Temmerature coef-
ficients of circuit component parts wiil cause the cveratins fre, oency to
deviate further. Circuit temperature-frequency varistioms are less than 30
P and when combined with thu acximux crystal unit deviation totals lees than
80 pom for typical conditioms. Inclusion of variations due to Pe and filament
voltags changes of ten percent raiser this figure to a maximum of 90 pmm.
Howsver, iypical operstion yields values less than 70 ppa.

A third performance characterisiic is that of harmonic content in
the output of the oceciliater circuits. It has been found that harmonics are
of rether low amplitude. Howewver, practical appliceticn of these circuits
to cosmunications equipment would require additional filtering. Further, t:ms
har@sonic comtent L= not high enough for application to frequency synthesizing

or frequsncy sultiplying directly frem the harmomics. Measuwrewsnts show the

ARROUR RELEARICH FOURDATION OF TLL WOt s 1ML THTUTE CF TECHHNOLOGY
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sacond harmonic to be about 20 db beltm the fundamental and the sixth harmonic
about LO db below the fundamentel for typicil operating conditions. These
measurements also indicate an increass in harwonic content with increases in
cireuit operating level (higher Be level, greavar crysial drive levels, etc.).
Dutailed information of the harmonic content of the Grounded €rid a:xd Cathode
Coupled oscillators are presented in Tables VI through VIII. Operation at

two levels of B* and with two values of crystsl resistance are given.
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IS ne 125 e
HARMONIC SOv 100v HARMONIC SOv 100v
2 2.1 11.9 2 19.5 1.5
3 3.3 22.0 3 56.1 33.6
h Like6 31.5 I 63.1 4.2
- Sha.9 L2.8 S 63.1 L6.6
6 Su.k k6.0 () Thet k7.1
A. Orounded Orid Raference Oscillator Circuit
Rx = S1 ohms
L 135 me
HARMONIC SOv 10’); HARMONIC 5ov 100w
2 28.4 15.0 2 28.h 10.8
3 LO.9 2243 3 37.9 23.1
L L6.7 3L.2 b 53.0 .7
3 L7.8 39.9 3 $8.6 39.7
é g2.1 L3.2 6 60.0 3L.2
B. Cathode Ccupled Reference Oscillator Circuit
Rx = 51 ohme
NUTE$ Figures are in db beiow thw ampiiiude of iie furdamsnbal.

TABIE VI - VARTATION OF HAKNONIC CONTERT WITH CHANGES IN PLATS SUPPLY VOLTAGE

ARMKOUR

FOR THR GROUNDED GRID AND CATHCDE COUFLED REFERENCE CSCILLAT(RS

RLESECARC M

FOUNDATION

Ok

fTLLINODGS
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TABLE VII - VARIATION OF HARMONIC CONTENT WITH CHANGES IN CRYSTAL RESISTANCE

—— o — T e aea .. — L e e
Lo 135 mc
us By 110 Si 58 35
HARMONIC ohms ohma ohms ohms chne _Ohms
2 11,0 1.9 13.0 11.5 11.6 12.0
3 20.2 22.0 21.7 33.6 3k.7 3.9
i 36.0 31.5 32.8 3.2 32.5 354
5 36.1 42.8 40.0 LE.& Ls.9 46,3
{6 Lk.9 46.0 49.0 k7.1 L9.0 49.8
A. Oroundad Grid Reference Oscillator Circuit
Be = 100w
I me 132 me
40 51 110 51 68 98
HARMONIC ohms ohms ohms oS ohms ohms
2 16.0 15.0 15.8 10.8 12.3 12.8
3 22.4 21.3 21,7 23.1 2k.2 2.1
N 35.0 b2 3.6 31.7 32.9 55.0
S L3.7 39.9 43.6 39.7 L2.9 b3.8
) u3.7 L3.2 42.8 3u.2 35.8 37.7
B, Cathode Coupled Refsrence Oscillator Circuit
Be = 100w
NOTE: Figuran ara 1n dh halow the smnlituda of the fundacentsl |

FGi THE CROUNIED (RID AND CATHODS COUPLED RRFERENCE (SCILLATORS.

AP RCUR RESE2R2( W
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L= 135 wo

51 9N S1 2

HARMONIC ohms ohms olms ohme
e e

2 7.0 9.0 12.0 12.3

3 15.6 18.0 21.7 23.4

h 21.2 2L.3 36.0 35.3

S 26.8 30.7 36.9 38.9

é 32.0 36.9 u9.h S1.h

A. Orcunded COrid Reference Oscillator

Be = 100v
Lm 130 me
HARMONIC osrlm o?lh o& o&
2 16.9 18,1 11.3 11,3
3 2.4 26.5 28.2 27.8
% 32.0 3L.9 36.1 38.4
5 40.0 .6 Lo.6 | 1.8
6 bS.1 | utk b 363 | 36,8

B. Cathode Coupled Refersnce Oscilletor
Be = 100w

NOTE: Figurer tabulated are in db below the amplituds of the fundamental.

TAHRLE VII] - VARIATION OF HARMONIC CONTENT WITH CHANGRS IN CRYSTAL SUBSTITUTION

AESISTHS I Tl GROURIEC GRID AML CaTHONR COUPIRD OSCILLATCRS.

ARMO R e 38ARIKH FOUNDAT: On D€ Lot mOr s tm T ET TR oF TECHNO: OGY

- I-54 -

[ R - S W ——

1 b



2.0

/
‘/Pl
/
yi
° /' v,’ B
e
/A%
AT
N' 1.0 e el e S
/7 Po T~
7
0.5
0
0 oS i.0 [N 20 2.5

NR\.

FIG. 25— NCRMALIZED PERFORMANCE VS. LCAD
RESISTANCF FOR THF GROUNDED GRID
OSCILLATOR

10-15C MC

Pig. 25



_— e— L ——— et

20—\
1Y
\
\
\
15 H \“
N
Y
«
'
N o \gt:J
‘
~ .\1\ eo
~ T e
-~ - - ~d
P:N-n-“_ ?NN;
05(4.—-
o )i
0.3 08 07 10 2.0 30 10.0
N;,.

FIG. 26 — NORMALIZED PERFORMANCE VS GRID RESISTANCE

FOR THE GROUNDED GRID OSCILLATOR
10-150 MC

rig. 26
- I-56 -



2.0

0.5

-— g wWm—— et

V\ T
N\
\
\
~1 M
N _ AY
R\
. ~\
VIS -
\\\\~‘ -\~\ﬁ e,
< .
T~ R
P
J ha
0.5 1.0 15 ) 28

N'a‘

FI1G. 27— NORMALIZED PERFCARMANCE VS CATHODE
RESISTANCE FCR Th ™ GROUNDED GRID

L

OSCILLATOR

10 - 150 MC

- 1=57 -



N ) P
N -
-~
-
\ " P
\\ V/»'
N' 1.0 — =
1. -
W o
e NN

N
0.9 \ . e

X } -
0 0.3 1.0 1.8 20 2.8
N,

FI8. 28— NORMALIZED PERFORMANCE VS, CRYSTAL
RESISTANCE FOR THE cROUNDED GRIT
OSCILLATOR

10-150 MC
Pig. 28
- I-58 -



P e L g e —— el T i —
2.0 T 1
/’o AL
L 4
1.8
7
//
A
N' t0 ‘
///
/
- /
| "‘/ /
-
-
0% =31 /‘
/ P
’/
0 E
4000 4500 5000 5500 6000 €500
9m — HMHOS
FIG 29—— NORMALIZED PERFORMANCE VS g FOR THE
SROUNDED GRID OSCILLATOR

1I0-150 MC

rig. 9

- 1-59 -

DT LT

TR e i g B



I R T e S Y Y SR g - <

g

—— —— JreaN h—

o ——

.

img Wy ey pey

P —av & mw - - .
» . —_—-- T e M mgg—y —— e

3. THRE CATHODE COUPLED OSCILLATOR 10-75 MC

a. Cirsuit Description

The cirruit diagras of the Cathode Coupled oscillator recommenied
for use in the 10 to 75 mc frequency range is shown in Fig. 30. Coil winding
data for this circuit is presented in Table IX amd Fig. 31. The value of the
coupling capacitor from the output tank to the cathode follower input circuit
is asmaller than might ba expected for normel coupling use. This provides beiter
1801atiun wi Lisw Vvwo pIstionT of the civenit, alnes tha grid clrcult of the
cathode foliower is in shunt witn the output.

The recommended oacillator circuit, to which al! performance and
design data is compared, has the following component and ~ircuit paramster
values:

= 10K ohms (grounded grid stage grid bias resistor)

R, = 200 ohms (grounded grid staze cathode bias resistor)

R__ = S1K ohme (cathode foilower stage grid bias resistor)

R, e 1X omms (cathode follower atage cathode vias resistor)

R, = 5 olms (load res!tance)

B, = 25 ohmg (meries resonant crysial resistanca)

The tube type is the 567C mindature dual triode with a nominal g of 5500
ymhor. The bypass, decoupling, and coupling component values are as shown
in Fig. 0.

It 18 to be nowd vhat for vperalion balos L0 =<, Lx, srich ia
used at higher frequsnr?~s to cancel CO of the crystal, is not required.
Howsver, it Ls necessary to imclude L:.” the series feedback coil, for
proper frequency correlation and circuit operation. This coil is not used
st frequenclo.a adbova L0 mc.

IR R e RVE ) RES VAR w UMD - aow i f B TRAREY MSTT T OF TECHHNOLOG Y
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;l [Freq.  Coil Coil Wire Coii  Turns L Q
N Fora  Siz» Langth ]
) me - - gnge  inches -~ wh -
' L, I186E 3 5/16 L7 170 &
Z’ 10 Ip 1868 34 S/16 L7 17.0 &0
E Lyy CL-1 - 1.2 - L1 -
h L 1860 27 /4 15 1.6 65
¥
i 30 L, 1860 27 /4 15 1.6 65
% A * 27 5/8 U c.h 90
& L, 1860 26 12 1L 0. 85
H 60 x.p 1860 26 1/2 11 o.4 8%
‘ L - 2 12 15 1.0 5
‘ L ' 186-0 26 7/16 8 .3 1e0
15 x.p 1860 26 7/16 ] 0.3 120
| i
L - 32 /4 21 ¢ 0.7 10

NOTE: The indicated coil types for 1y and are Cambridge

T Thermionic Corp. forms, 0.26% 0.D,, 27/32" iong.
186~ is the part number specifying the coil form and
sise. The suffix designates the core formulation.
Cl~li ia an Internaticoal Radio Corp., molded coil,
# designates a mica base form, 3/16" 0.D., 3/L" long.
Ly (2t 40 =c) ia wound on a 2K, 1 watt carbon comp—
osition resistor. At 75 mc, a 1/2 watt res:ctor is
used,

PRTOEN P SPP T ik g

- v

The inductance and § of all coils vere measured at their
respective frequencies on a Boonton Radio Corp. Q Meter, Model
1604,

TARIB X - CATHODE COUPLED OSCILIATOR COIL DATA

1

10 - 75 me

ARMOUR RNSEARCH FOUMDATION OF 1LLImQIS ®BTITUTE OF T“ECHNOLOBY
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b. Component and Cireus* Construction Detalls

Rafer to the comments on component and circuit varameters found in

The constructional details of tne perforwance test circuits may be
seon in Fig. 32. Tha photograph shows the layout of a typical 75 mc Cathode
Coupled oscillstor. The components are labelled according to the schematic
of Fig. 30. MNote that L iz a fixed irductance, as is Lx located below the
crystal socket,

¢, Circult Tuning Procedure

Refer to the procedure outlined in Part A.l.c. The tuning procedure
is similer except that a tap point is not needed on the plate coil.

d. Circuit Performance Characteristiics

The circuit as shown in Pig. 30 hae been found to provide the most
satisfactory performance throughout ths frequercy range and i{s recommended for
the majcrity of applications. This circuit should bz Ussd without modification
wherever posaibla, In some equipment designs the available supply voltage
may not ailow the circuit to operate to its Tull capacily. In such cases
design chinges may be accomplished,as shown in later examples. Performance

graphe for the reécommended circuit are s2scurate to within ten percent. The

design graphs yleld prediction accuracies of output, with the change of any
one combonent, in the order :f 1C ¢ 1€ percent, ¢r chang-e in several
components simultaneously, the prediction accuracy decreases. For simultaneous
changes in the load and all biaas resistors, this figure is about 20 to 2€
percent. Crystal drive voltage measurementz, made with the assumption of

resistive oseration of the crystal, revsaled prediction accuracies in the

order of 20 to 30 percent in the mainrity nf aingia rrmnonent chancee,

AR GOUR RESTAR] N FOUNDA LN o Lt NO S MSTTUTE OF TELHNOIOGY
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Curves nf output voltage and power and crystal drive versus
frequency of cperation ars shown i1. I'igs. 33 and 3L, respectively. In addition,
d valuss of B: and the remiltant autnut for constant valuas of
c¢rystal drive level over the frequency range are presentad in Figs. 3C and 3§,
respoctively., The grarhs dapict performance of & circuit having the component
values indicated in Fig. 30. The performance figures obtained from changes in
componsant value are ncrnalised with respect to the recommendsd circuit figures.
The resulting normalised graphs are common to the entire 10 to (¢C ~e frequencyv
range, and are showr in Figs. L9 through 57, on fold-out pages 1G2 through 110
These gravhs show output voltage, output power, and crystal drive level as a
fuaction of the values of RL, Ru, R‘tx {DC Coupled), ng (Capacity Coupled),
Rgc’ Rb (DC Coupled), Rn(Cip-cit.y Coupled), R and By respe:tively, In
order to utilize theses curms for the design of Cathode Ccupled oscillstors
in the desired frevquency -inge, examples are shown subsequently,

At frequencies in the range of 10 to LO mc, where Lx is not used,
the rathodes are imolated with respect to dc, by the crystal. For this type
of operation, the canacity coupled nrrmalized curves, Pigs. &2 ard €€, should
be used. If dc isolation is required, >r desirable, at the upper frequency
range, a physical capacitor may be inserted in the fsedback path and ..ie same
figures are used to determine performance.

It is possible to operate the Cathode Coupied circuit over & bard
of frequencies without retuning the cathode coil, If the frequency of
operation is within + 20 percent of the fixed-tuned frequency of the catnode
coil, the output wili vary iess thar ten percent and the frequency correliatinon
figure will he within ten narts per nmiliion from the cathnde coil center
frequency valuem. Crystal voltage correlation cannct be obtained aince the

crystal is not overated at the series rssonant frequericy. A% a reau’'t,

ARMOUR F3SCARCH FOUMDAT ON  OF 1 Limis:s NSTITUTE OF TELHNODLOGY
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powsr dissipation figures are not easily determined, but 1'e within the range
of values indicated in Fir, 3.

Ta lm sanm ammemend
It 45 mscommended the

t, wherawer fesamible. the output coupling oe

ad justed to provide an effective load resistance of S000 ohms to the oscillator

at the frequency of oraration. When this is not done, reference must be made

to the normalised load resimtance graph of Pig. L9. The effect on performancs l
with varistions in orystal resistarce is shown in Fig. 56, which can be used

to indicate the parformancs shen a specific crystal resistance is used or to

show the range of performance of typical crystals i the Cathode Ccupled

orcillator from 10 to 75 mc. Performance is referenced to a crystal resistance

value of 25 ohms., Recommended military crystal types which can ba ussd in this
4pplication are CR-19/U, CR-24/U, CR-32/U, CR-35/U, CR-52/U, CR-Sh/U, CR-€S/U

and CR-S6/. Referance should be made to "MIL-C-30988 Crystel units, Quarts®, .
for specific crystal information such sz maximum resistance limits, physical
configuration, and frequency range,

e. Circuit Design Examples and Use of Curves

One of the chief values of the desigr. methnd presented here is in
the prediction of nscilliator performance of a given design., A% spet
fre;nuncy and plate supoly voltige values, the recommended circuit performance
is Jdetermined from Figs. 33 and L. If the output and drive level v. lues are
other than thoss desired, reference is made to Figs. 3 and 3% and/or the
normalized curves *~ datermine which circuit parameter may be changed io
obtain t-e necessary resulis, Any parameter that must remain fixed would d
aliminate the use of its correspording performance curve, The normalized
factors are obtained by dividing the necessary or desired varameter values by j

the recommanded circuit value and the rasult aoplied tc the appropriate

[u—

rurve (See Part A.).e ). Recommended circuit component or parameter
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valuss glver in this manual shoulid be followed, wherever possible, =ince the
recommended c ' 'enit is optimum for typical application. To {llustrate the
use of the design grapns, the following example 15 given.

Assume an nscillator ia to be designed having the fecllowing ci.cuit

and performance requiremsrias:

f a 60 me.
B+ =« 100 volts
R, = LOOO ohms

P_ > 2.0 nw (determined from MIL-C-3098B for a
particular crystal type)

Referancs tc Pig. 33 shows that the output is 12.% volts rws under these
conditions. The drive level, from Fig. 3L, 1s 0.9 mw. Thess figures refer

L5 the recommended circuit, At the required load of LOOOG ohma, Pig. u§ shows
that for H;(L = L0OOO/S000 = 0,8, the normalized output and crystal drive factors
N', are about 0.86 ssch, where 000 ohma is the referenca circuit lsad resistence.
This means that at the required load the output will be 12,5 x 0,86 = 10.8 volta
and the drive will be 0,9 x 0,86 = 0,77 mw, It may be desirabie tc investigate
methnds of increasing available ocutput and taking advantage of the drive limit.
This may be done in a variety of ways. Several methods will be shown here,

The first methad depends on the variability of the plate supply
voltage. If B+ can be changed, then Pigs, 3%, 36 and LY are used to determine
perf-rmsnce, Yor = drive of 2.C mw, Fig. 3" shows that B. mumz re i1/0 volts
for a 60 mc oscillator, Praow Fig, 3 1t {s cetermined that the output voltage
is 13.5 volts for this level of drive. This is for the reference circuit,

In order tc account for the lower load of LOOU nhms, ";l, - 0.8 and N« 0,686,
2= uroun 4n the original exsmpie, Since overatlion at LSOO ohms load recuces
the driva by 0,35, a B+ value must be chosen which would diive inhe reference

ARMOUR WESTARCH S0 UMDAT I ON UF LR GES N3TITUTE OF TECHMOLOG Y



eircudt at 2.0/0.86 =« 2.3 mw, This occurs at a B+ of approximately 125 volte.
Under these conuiiions, the output is 16.8 volts, However, the output at a
LOO) ohms load would be 16,8 x 0.86 « il.bL volts,

Additional msthods depend on the use of the normalized verf~rmance
curves., To determine which curves are anplicable, a reviow nf the circuit
conditions ia necessary. With the required load the drive level is 0,77 mw,
an determined above. It is desirable to reise this to the nominal drive of
2.0 mw. llI is then 2,0/0,77 = 2,6, Of course, some component change must be

effected which will not only produce the desired increase in drive, but will

also increase the output, rather thun decrease it. Inspection of the normalized

erformance curves shows that there is no componemt which will increase the

drive by this factor (2.6)., However, there iz nne which does increase the drive

and output simultaneously. This is Rn (DC Coupled), shown in Pig. S1, The
other components wither decrease output with increases in drive or else have
nagligibly small factora. By extrapolation of the nurmaliszed R\‘q curve, it
can be four! that the drive increases by a factor of nearly 2.6 when this
renistance is sero. For this condition, the outmut factor |= N' « 1.4,
Therefore, ths ~utput will be 10.8 x 1.L = 15.2 volts.

The largest output in this case is ottained by making the growxisd
grid stage cathode bias resistor zero. Similar meihnds may be applied to

those cavens whare cutout volitage cr power is to remain fixzed,

€€ and I7 shew merformance variations with

Tho ban s rdha A8 Dl
inE VWO gie ol ol JLgt.

crystal resistance and tube transconductance. Littlie control can oe nheld

over these parameters, unles: lengthy, selsctive test= are made. Nevartheless,

the grapl: are included to indicate their affect on ciircuit performance, It
can be seen that a 10C percant increase in crystal resistance lower: the
output by abcu: ten percent and increases the drive by less than {ive rarcent.
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For a ven percent decrease in gﬂ the cutput decreases ten nercant and tha
drive decreases LO percent. The use of different tube types having approxi-
malely e pamwd I

estimates of circuit stray caniacitances, transit time loading, etc.

f. Additional Performance Characteristics

Several additional cerformance characteristics have been determined
and are presented here, The first of thess is t..e stability characteristics
of the Cathode Coupled oscillator in the frequency range of 10 to 75 mc.
Table X shows the figures for stability with changes in B+ and . -ystal
resistance values, Three crystals operating at each ¢f three frequencies,
10, 30, and 7S mc, are shown., The definitions of A fs. etc., as used here,
have been discussed in Part A.l.f.

A second performance characteristic is that of frequency variation
with temperature (See Fig. 20), Cr stal unit specifications for this frequency
range call for a maximum deviation from the ncminal frequency of SO pom
throughout the temperature range of -S5°C to +90°C. However, twpical changes
from the mean frequerncy values encountersd for these units are hetwaen 1€ and
2S5 ppm. Temperature coefficients of circuit componert parts will cause the
operating . requency to deviate further, Circuit temperature-frequency
variations are less than LO ppm end when combined with the maximum cry-tal
unit deviation totals less tian %0 ppm for typi:al conditions. Inclusica of
variations due to ten rercent B+ and filament voltage changes raises this
rigure to a maxirmum of 10C pom. However, values for tyvical operation are
usually jess than 7S ppm,

Harm~nic content .n the outout of theses circuits is similar in
characteristica to thoee found for the Grounded Grid osclilator (see, also,
Tables VI through VIII) discussed in Part A...f.
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Inspection of Fig. SC indicates that zs the valuy of the grounded-
grid grid-bias resistor is decreased the desirable performance trend of
increased ovtput and decreased drive level occura. It js not recommended,
howsver, that the grid actually be shorted to ground, since this has an sdverse
effect on the frequency stability and the correlation is very poor.

It may be desirable, in some cases, to utilise the circult with an
untunsd cathode. Altho th the use of a tuned cathode coil provides ligher
oscillator output voltages, the advantages of the untunsd case are the elimi-
nation of the componant part itself, a simpler tunirp procedure, and broadband,
rather than fixed, frequency operation. Information on the Cathods Coupled
oscillator opera’ing with an untuned cathode circuit is therefore presented.
In general, some component changes are necesssry in the reference circuit.
Typiczl values for circuits opsrating in the frequency bands of 10 to 20,

20 to 4O, and L0 to 75 mc are listed below, where resiztance is in ohms and
capacitance is in mmfd, All other components remain the same as in the

reference circuit. It should be notei that for this application, La' is not

used.
Frequency Rangee
Component 10 to 20 me 20 to LO me LO to 75 mc
Rk! 1K 560 1K
ch ik g22 100
c 0 o 7
gc 1 7.5 L

ng is changed to 10K ohms for operation throughout the
frequercy range.
Performance curves for the cescillator at various levels of plats
supply voltage are shown in Fig. 57. Opsration at frequencies above 75 mc ia

not recommendsd.
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Prequency correlation is good, provided the component values

suggested ahove are used,

10 mc to less than four parts per million at 7S mc.
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L. THE CATHOOE COUPIRD OQSCILLATCGR - 75-150 MC

&, Circuit Degeripiion

The circult diagram of the Catnode Coupled oscillator recommended
for usa in the 75 to 150 mc frequency range is shown in Fig. 38. Coil winding
data {8 presented in Tahle XI and Fig. 19. ,
The oscillator circudt has the component and circuit paramster !
values given in Part A.3.s. except for the reference valus of R, which P .
51 ohms for this frequency range.
b. Compcnent and Circuit Construction Details

In general, the discussion of componunts and clrcuit consiiustion
dotails given in Part A.l.b. applies here. Howewer, greater care must be
given to lead dress, grounding, and parts placement at these hizhsr frequencies.

¢. Cirewit Tuning Procedure

Ses Part A.l.c. The tuning procecurs is similar except thal s tap

point is not needed on the plats coil,

4. Circuit Performance Charactaristice

The circuit ss shown in Fig, 38 has been found to provide the mont
satlisfectory performance throughout the frequency range and is recomenisd for
the majority of applications, This circuit should be used without modification
wherever possible., li soms equipment lesigns the available supply voltage may
not allow the circult to operate at its full capacity. In such cases design
changes way be accomplished as shown in later axamples,

Curves of output voltage and power, and crystsl drive versus frequency
of operation ars phomn in Fige LO ard L1, respectively. In wdditian, curves
of required values of B+ and tha rasultant output fur constant vaiues of
crystal drive levsl over the freqwency range ars presented in Figs.u2 and L2,
respectively. The graphs depict parformance of a circuit having the component
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Freg. Cotl Coli Wire Coil Turns L Q
... .. _Form Site : Langth
~mc -~ " gage  Inches = - pl -
L - BP R V/N 21 1 .670 10
75 Ly L36-0 26 - 1/16 8 360 120
1 L, 180 26 716 8 .265 125
T, - 21 16 .00 s
105 ) P 186-0 22 | 5/16 6 .190 120
Ip 1860 2 | 5/16 5 L1k 120
R L, A 38 1" L2100 25
135 L, 1860 20 ik L .110 165
L 186 0 20 14 3 '.075 110
4 . - 4
L - 2k 5732 8 .,i80 33
150 I, 1$6-0 - 22 YN 3 .09 125
Lp 186~0 ; 22 3/16 3 ' .065 100
NOTE: 1Ii is wound on a 2K, 1/2 watt carbon composition res-
istor. The indicated coil types for Iy and are

Cambridge Thermion:c Corp. forms, C,26" 0,D,, 27/32®

long., IS6- is the part number specifying the coil

form typs and m'ze. The suffix desigmates the core
foraulation,

The inductance and Q of all crystal coils, Ly, were
ssasured at 50 mc un the Roonton Radio Corp. Q Meter, Model
.60A. The inductance end § of Ly and i, were measured at
their operating frequencies on the Boonton Radio Corp. Q
Meter, Model 17QA.
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values indicated in Pig. 38. The performance figures obtained from chanyes

in component valus are normalised with respect to the recommended circuit
figures. The resuliing rormalised graphs are common to tiie entire 1C to 150 me
Trequency range, and are shown in Figs. L9 through S7 on fold-out pages 102
through 110. These graphs show output voltage, output power, and crystal

1
drive level as a function of the values of RL, R_, ng (DC Coupled), Rk(

(Capacity Coupled), R _, Riee (DC Coupled), B (Capacity Coupled), R am g,

gc
respectively.

Figure Li combines the erfect on output of increasirg or cecreasing
RI.‘ R“, Ru, R‘e, and Rkn simultaneovsly ard by the same percentage. This
figure is obtained by taking the product of the average outout factors,
recresented by the curves in Fige. L9, €0, <1, €3 and L, resalting from the
same percentage changs for each of the resiatsrces.

The graph affords a check on the reliability of the design data for
a wide range of operating conditions. If, for example, these five component=
are each increased by a factor of 2,C over the refersnce value, it can be
seen from the graph that the outrut should decreise tc 85 percent of the
referencs value.

Results of circuit measurements to check tnis ars shown in Table XII.
Here, two resistance factor values, 0.65 and 1.66, were used, This means
that the pertinent resistance values in the new circult are the stated
percertages of the referenca circuit values. From Fig. Liy, the corresponding
output ractors, u', are 0,04 and U.98, respectively. A circiit was constructed
whose comprnents correspondad to these values and oulput was measured at four
levels of supply voltage. These outpul meaciurements are tabulated in the
column headel "e ®. The theorstical changes are limted under the colwmn
headed"N't; » where ec', is the reference circuit output and N' {e ths output

ARMOUR RESEARCH EOUWDATIOW OF LLIr¥O. % NSTITUTE OF TECHNOLOGY
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Cirouit 75 105 135 150
Candi tiome no Ko »o o
LU N | Be| e | Mol | e [B'eg| ey [Mieg| ¢, |N'e,
75 hoé 601 5.6 505 h-} 3.9 2-7 5.0
100 | 7eB | 949 | 9ol | BeB| Te5 | Tl | 6.2 | 59
0.65 | 0.8L ! ‘
< 125 [11.1 | 13,3 [12.9 | 12,6 (10,7 | 106 | 9.6 | 9.2
150 |1L4a7 | 1649 [16.3 | 16,0 13,7 | 13.4 (12,6 | 11.3
T 175 9| 721860 62 65| LS| 23] 35
‘ | 100 | 1446 | 11.6 [13.2 | 103 102 | 8.3 | 5.k | 6.9
1.66 : 0,98
‘ 125 119.9 | 15.5 {175 | 1447 i15.9 12,3 | B3 | 10.
150 [25.0 | 19.7 {2145 | 18.6 |17.3 | 15.7 [11.3 | 13.2
TABL3 XII - COMPARIS(N OF PREDICTED D MEASURED PRRFORMANCE
CF THE CATHODR COUPLED OBCILLATOR CIRCUIT
ARHMCUR RESEARPCH FOUMDATION OF ILLINOILS INSTITUTE OF TECHNOLOGY
- I-91 -~



factor resulting from the use of the informatior in Mg. LL.

The effect cr output voltage resulting from the use of differwnt
tube typas and hewing & range of g, valuss is shown in Figs. 45 througn ub,
inclusive, where the frequencies of operation were 75, 105, 135, amd 150,
respectively, Each graph represents the rutput obtained from the reference
circuit using the S670 miniaturs dusl triode and the 5021 sutminiature dual
triode. Throe 5670 tubes, having different g, values, were used. The
refersnce circuit c-mponent tube was a S670 having a measured &y of 5800
micromhos for the section used in the grounded grid stage and SL(X micromhos
for the section used in the cathode follower stage. All values of g, wers
determined with a Hickok Model S33 Mutual Transconductance Tester under
standard test conditions.

Pigure 57 combines the infcrmation of Pigs. LS through Lf Lo show
the general effects of & on output., At sach frequency, and for seversl values
of Be, the output veltages for the various {ubem were crmpared to the ou
obtained for the reference circuit under the same operating conditions, ™hs
averages of these values were then plotted against the € of the tubes to
obtain the given curve, 8ince output varies directly with the transcenductance
of the grourvied grid amplifier tube section the & values for this stage were
used 1in Fig. 7,

In order to utilise these curves for the design of the Cathode
Coupled oscillator in the desired frequency range, examples are shown below.

Recommended nilitary crystal types that may be used in this
application are CR-SL/U anl CR-56/U, The specifications on these units cover
frequencies up to snd including 87 me, Maximum crystul resistances used at

7% and 105 mc were 60 ohms, Maximum resistamce used at 13€ me and 150 me

was 100 ohms,

ARMOUR RESCARCH FOUMDATION OF LLIKNO:S INSTITUTE OF TECHNDLOGY
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Although MIL-C- tO98R dces not ~cver -rystals operating abore £7 mc,

available units and USLSEL recommendations indicate a max:mum crystal resis.

tanca of 60 chms up to and inciuwding 125 me and a maximum of 100 ohka to 15( me,

Although good quality units were available for the prawent investigations up
to 150 mc, one unit, which had a series resonant resimtance of 160 ohms, has
been included in the data,

Of the crystels availatie, tna spread in crystal resistance at
certsin fraquencies 1s limited. 1n orgar tc expand the range. resistor

netvorks vere used in the circult as substitution eiements and performance

measurements were made, Wnere resistor networks vere used in place of existing

crysta.e, no apbreciabie change in vo.tage was noted, provided proper
reactive compensatiua of the resistors was mads., In this manner, a wide range
of crystal resistances were mude avatlab.e throughout the f{reguency rarge,

6. Circuit Desigr. Examples and Use of Curves

Tr {llustrate the use of ‘e aesign graphs, the following example is
given, using the format 7t Par{ A...e.
Assume an csciliator 1= to e designed having tne fo.lowing circuit
and " erformarnce requiremants,
B+ = 100 volits

R, = 4000 ohms

The 2.0 mw drive leve. figure s derermined from genera. MiiSpecs for crystais

4

in tnis fraguency range, or from cons.deration ¢f fregquency stability for

those units not given in MIL--:C%8B.

ARMOUR RESILARC M FOUNDAT N OF Ll o mMOr s NS TITUT OFr TECHNDLOG Y
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Reference to Pig. LC showw that at a frequency of 107 mc and a Be
of 100 volts, the output of the recommended circult ie approximately 10.€

A - _
2

volte ms. The crystal drive. from Fig, il , is found W be 1.

W, with e
required lcad of LOCO ohms, reference to Pig. LY shows that for K.' «4,000/5000 «
0,8 the normalired output and erymtal drive factors, W', are 0,85 each, where
€000 ohms {8 the reference circuit load resistance. This means that at the
required load of LOOO ohms, the output will be 10.% x 0.86 = 9.0 volts and
the drive will be 1.€ x 0,86 ~ 1,28 my, Since the nominal allowable crystal
drive is 2,0 me, it may be desirable to investigate methods of increasing
available ocutput ani take advantage of the drive limit. This may be done in
several vays, of which examples will be presented here.

One method dependc on the variability of ths plate supply voltage,
If vhe B+ can be changed, then Pigs. L2 &nd L3 are used. For a drive of 2.0 mw,
it can be seen from Fig. L2 that the B+ must be 106 volts at 105 wc, From
Fig. L} it 1s determined that the output voltage is 10,5 volts for this level
of drive. However, this ias for the reference circuit, In order to account
for the lower load of LOOGC onms, l;‘ = 0.8 and W' = 0,86, as shown in the
origiral example above. Since oporfuon at LOOO ohms lead reduces the drive
by 0,86, a B+ value must be found whick weuld drive the reference circuit at
2.0/0.86 = 2.33 mw. This occurs at a B+ of spproximately 108 volts, found by

use of Mg. L2. OUnder these conditions, the cutput is 11.5 volts. Hovever,

oy

the output at a lcad of L0OOO otme would be 11.S x 0.86 = 9.9 volts,
A second method depards on the normalised performance curves, To

determine which curve is applicable, a review of the circuit enrditions is

L T ]

required. With the stated load the drive level is 1.28 mw, a8 determined
ahove, It is desirable tov raise insl walue of 2.0 mw. N' is
then 2,0/1,28 = 1.56, It is necessery tc find a compenent whirh, whern changed,

ARMOU2 RESSARCH FOUNDAT'ON GCF LLING ITNSYITUTE OFf TECHNQLOGY

s —_— taond

-



— y— rw

gD, g

-

will increass the drive to this level and alao increase the availlab e cutvut

voltaza, Inspection of the norralired curves shows that the only component

capsble of nge i ?"W (D Coupled), Pig. €1, The N' » 1,56 factor

can ba obtained at Np of 0.6, or 200 x 0,6 = 120 ohma. The cutput factor,
N', in f~und to be 1,2, The resulting output voltage im then 9.0 x 1.2 » 108
volts, The other components either decrease cutput with an increase in
crystal drive or provide negligibly small performancs changes,

Comparison of =sthods in this case shows that a change in Bes produces

the greater output. Sisilar methods may ©s sprlied in thosa inatances whers

ouiput voltage or pover are to remain fixed. A generaliszed outline of the

design procedure is given in Fart A.3.e. Howswer, for this frequency range,

performance of the reccmmended circuit is dstermined from Figs, 4O and L1, ana

design changes may be made by reference to Figa. L2 and L2, and/or the

normalized curves,

f. Additional Performance Characteristics

Several additirna) nerformante charactaristics have been determined

and are rresented here, The first of these is ths stability chaiactaristics
of the Cathode Coupled oscililator in the frequancy range nf 75 to iSO mec,
Table XIII shows the figures [nr stablility with changes in B¢ and {ilawanti
voltage, The correlation figure ia also given for 2 range of B+ and crystal
resistance valuas, Thre: cryst ls operating at each of four frequencies, 75,
105, 135, and 150 mc are shown. The definitions of Afa, ete,, @8 used here,
have been discussed in Part 4.l.f.

A second performarce characteristic is the change ‘n frequency with
variations in temperature (See Pign. 21 through 24). Complete specifications
on the crystals are noct available for this frequency range, however, for the

-75°%C toc 90°C range, a maximum nominal deviation of SO ppm for the crystal

ARMOUR RESEARCH FOUNDATION OF Lo NC § THST:TUTE OF TECHNOLOG T
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is assumed., Tyvpical deviations from the mean values encountared for thess
wiits are bstween 1% and 25 ppm. Temperature coefficients of circuit component
partas will cauwse the operating frequency o deviaie [uriimr. OCircuit
temperaturs-frequency variations ae less than [Xe] ppm, and when combined with
the maximum crystal unit deviation totals less than 90 ppm for tyvica)
¢ nditinne, Inclusion of varistions duve to ten percent B+ and filament
voltage chang=s raises this figure to » maximum of 100 ppra, However, typical
oparation vields valuaes that are less than 75 ppm.

Harmonic content in the output of these circuids i5 siuilar in

characteristics to those found ror the Qrounded Grid oscillator, discusged

in Part A.1l.f,, where detailed information is found in Tables VI through VIII.
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PART B

ANTTRESONANT CHYSTAL OSCILLATOR CIRCUITS

COLPITTS
ELECTRON COUPLED COLPIT?S

MILLFR

0.8 - 5.0 me

2.0 - 20 me
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1. COLPITTS (GROUMDRD PLATE PIERCE) OSCILLATGR CIRCUIT -~ 0.8-20.0 me

The Colpitts, or Orocunded Plate FPierce, antiresonant oscillater
consiste of 1 single triods amplifier stage. The plate is ac grounded and
the SLLput 1s developed acroas the cathoge-to-ground circuit, which is com-
posed of an inductance and a biaa resistor., Feedback is accomplished by the
capacitance from cathode 40 grid. The crystal is connected between grid and
iround; grid bias is developed with the grid-to-ground resistance and the
crystal load capacitance., Capacitance across the crystal, together with that
of the voltage divider, rrovides ths required capacitive load for the crystal.
For MiiSpec ¢rystal units, this value is specified as either 20 or 32 wmfd.
Tiw moet comon value 18 32 mafd end 18 the one wed in the circuit described
below. The antiresonant tank circuit is composed of this loed capecitance
and the equivalent inductance of the erystal.

a Circuit Description

The circuit diagram of the Colpitts oscillator recommsnded for
operation in the 0.8 to 20.0 mc frequency range 18 shown in Fig. S8, Tne
only physical coil in ths circuit is l'k' for which nominal valuea ire shown
in tim figue. The values of cl, CE, amd 03 designats physical capaciiors.
The mathod of dele mining these valuss is outlined beiow in ihe subssction on
"Inittal Circuit Alignment Procedure."

The reference oscillator circudt, to which all performance and
design data is compared, uses one section of a 12AT7 miniature dual triude
tube with 3 nominal g, Of SS00 ymhos. All resistance, bypess, and decoupling
component. values are shown in “4y, 55. The load resistance ia 10K omms.

Cy 18 21.25 mafd (15 wmfd ¢ atrays), C, 18 12.00 mmid (10 mafd * sirzys) amd

1

03 18 7:.50 mafd (L7 smfd & 15 mmfd circ it lead capscitance ¢ strays).

ARMOUR PESEARCK FOUMDAT , ON OF 1LLINOIE IRSTITUTE QF TELCHKOLOGY
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These values yisld the ratios C,/C, = 21.25/32 = 0.6 end Cx/Cp = TL.50/12 = 6.2.

b, Componert ail Circuit Construction Details

The gensral compomant types used in thia circuit are describded in
the first and third paragraphs of Part A.1.b. The effects of lead dress and
stray circuit cepucitances are not as importent here as “hey sre¢ at the higher
frequencies, sxcept as they effect the valuss of the grid circuit load capacity
combination. However, good angineering practices in circuit comstruction

shoold he followed.

¢, Initlal Circuit Aligmment Procedure

This circuit doss not involve tuning as normally considered, but
does require adjustment of the circuit capacitances to provide proper values
of crystal load capacitance and feedback ratio. Once this is done, the fre-
qQuen.y can be changed simply by switching in the propsr crystal which will then
osciliate at 1ie furdamental frequency. The ratio of 03 to 02 usad in tre
recomeended circuit is 6.2, The test equipment required is a Boonton Radio
Corporation Q Meter, Model 140A, or equivalent msans of capacity mesamurement.
The procedure follows:
1. Select a fragnency for msasurement at the apmroximato wid-frequancy
band of the oscillatar.
2., Conmect rigidly supported clips to the capecitor terminals of the
Q Meter.
3s¢  S3lsct an industor that will rasocnate with aporoximately 100 wmfd
at the frequency setting of Step 1, and place in the coil terminals
of the Mater.
4.  Attach ore of the =lips to the grounded side of the crystal socket.

Make sure ths crystal 1s removed from the socket. Place the othar

ARMOUNR RESEARC W FOQUNDAYT I ON OF ULt WO S TMLTITUTY OF TECHNOLOGY
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clip mear, kvt not touching, the other crystal socket terwimal.

S. Shert Cy (cathode to ground) with a short pieces of wirs.

6, Tuwn on Moter and edjust the main capacitor dial for a peak meter
reading. This sust be dorw with accuracy. Note the capacitance
d1ial reading.

T. Attach the fres clip lead to the erystal esocket terminel and repeak
the meter reading. Note reading of the capacitance ¢igi. The dif-
ference betwsen the two readings io AC..,

8. Repeat the procedure with C, siorted. This capacitance difference
is Ap..

9. Place Meter lesds from cathode-to-ground. Hepeat the procedure with
c shortad. The resulting capecitance difference is Ace.

10. Substitute the difference readinme into the following formelas to
obtain the desired capacitance values.
c, = (ac, -8C_+aC,)/2
C, = (ac, - 8C, ¢ aC )/
Cy = (aC_ - aC_ o ac,) /2
11. The individual circuit ceps~itances may now be »djusted by adding
or substracting known capacitance values.
12. The vaiue :Z load capacitance, may be found by eimply measuring
the grid-to-ground capacitance with crystal removed and no shorting
wires present.

d. Circuit Performance Characteristics

Performance cuwrves for the Csipitte oecillater in th: ranges
0.8 to 5.0 and 3,0 to 20.0 mc are shown in Figs. 59 amd 60, respectively.
Oscillator output is given in volt-megscycies (product of s voltage and
frequency in megacycles). The range of equivalent antiresonsr’ crystal

AR OUR RESEARCH FOUMDATIOMN DF TLLINOTS TRSTITUTSE OF TECHNOLOGY
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resistances, R., is shcwn in each fipre., Owcillator performance at 1C me
as a fumtion of R.; lL‘, R Cl./CA‘_. csﬂ:z_, and tubs type is shown in Pigs. 61
through 5 respectiwaly.

Application of these curves to oscillator circuit design is shown
in the subeection wlow.

o, Circuit Design Examrles «nd Use of Curves

The Colpitts oscillator circuit shown in Fig, 50 1s designed to
opsrate over the frequency rangs of 0.5 to 20.0 mc with the indicated com-
porent valuss and provides large outmut voltege to crystal drive ratios. The
performance characteristics shown in Figs. 59 and 60 can be used directly in
predicting operation of the circuit and, together with the other performance
curves, can be used to design additional Colitts :ircuits meeting specific
performance requirements.

An axaaple of the use of these curves is shown here. Asaume an
oscillator is required to operats £t 7.0 mc and have an output of 2.25 volts
rms across s load of SO00 ohm: The aveilable powsr supply will provide 150
volts at 30 ma. The crystal should be selected from the preferred types whoso
specifications are given in MIL-L-3099B., Of ths available wnits, t.. CR-18/U,
CR-27/U, and the CR-36,U cover this frequency rangs. Other charactsristics
of the crystal shoald b kept in mird, namsly, recommended maximum crystal
drive leve) (ten milliwatts for tha typs used hers), effective resistsmcs, Gtc.

The first siep toward the actual design of the oscillator is the
computation of the volt-megacycle product. In this exsmple, the product is
2.25x 7 = 15.75. Referring to Pig. 60, draw a horitontal lins from 15.7¢
on the volt-magacycle scele, This line incersects the B+ = 150 volt limne at

a drive level of 3.0 »m, obtaiped by projecting a vertical line from the

A2RMOUFR LSS ARCH FOUWDRATION OF LLNO!S tINSTHITUTE OFfF TECHMNOLOGY
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intersection down to the crystal drive scale, Uy drawing similar verticals
from the ends of the 150 volt line horisontally and verticully, the rense of
outputs and crystal drives may be obtained for varying values of antirese wt
crystal =ssistances, For the zase of 7.0 mo, the outrat ranges from aboet
2,0 to 2.6 volts and the ocrresponiing drive levels from 1.3 %o k.2 we. Th:
reference circuit meeis these speciticaticns when opesrated at a Dlate mpply
voltags of 150 volts.

Cireuit performance with the use of other tubs Sypes or changes in
component values can bo determined from the use of Pigs. 61 through 66. These
aadifications way be necessary when the decired output sannot be obtained with
the referance circuit, or when another tube type is jpreferred dus to sise or
power considerations. The dseign method may aleo be used when the oscillater
requiremants fall outside the perfori.noe of the reference circuit. Ths fol-
lowirg is an example illustrating the we of this msthod.

Assume that this same oircuit, operating at 7.0 mc, is to have an
output of 2,8 volt. across a 5000 ohm load. The power supply again provides
150 volta at 3C me. The new volt-megacycls pr~dnct is 2.8 x 7.0 = 19,6,

The plats veltsse required for tha reference circuit is approximately 175
volts, from Fig. 60. Therefors, the circuit paramsters must be modified to
conform with the available power supply voltage. Several methode wil: be

indicated.

Ths dszizn suvrves of Pion. A1 throush 66 imdicated verformance of
ths reference circuit at a frequency of ten megacycles with changes in circuit
paramsters. However, the percentage change in performance with variations in
circuit componsnt or paremster value is apmroximately the same for all fre-

quer~ies in the 0,8 to 20.0 mc rang=, Therefore, these curves may be used at

ARNOUR RESEARCK FOUMDATION OF I1LLIKO)IS EMSTITUTE OF TECHMNCLOGY

- 1-124 ~

[y———

NG e g Pt



roey

g emg und e  peind

[T —

L B )

et

3

[

§ eea

[—

o > omnmy Smmnraneny Y-,

]

the desired design frequency, keeping i mim! tnat the resuiiing voltages

and drive levels derived from these Curves arw *elaiive yiiued oniy, am =ust
aiways be referencod to the original curves (Figs. 5T and 60) for the final
performance value.

The desired mrerformance in the design exampis may de obiainad
using o Aifferent tubs type. Figure 65 shows the output and crystal drive
characteristics obtained with a nmumber of tube types. Construct a horiszontal
line passing through the iuatersection of ithe 12AY7 output voltage curve and
the 175 volt plate supply point. Thies ylelds a reletive output of 2.0 volts.
Intersections of this lime with the wvarious tubs ocutput curves show that the
samp output may be obtained with a 12AU7 or 5636 at 108 volts, a 6AS6 at 115
volts, a GAOS at 140 volts, ar a 6AUS at 162 volts. Ths pentodes are triode-
connected for vuse in this circuit. The output requirements could be met by a
S840 or a SALS operating at less tham 100 volts, the exast voltage being ob-
tained by extrapolating the proper curre. Assumme the seluction of the 5636,
operating &t 108 volta. The relasitive drive at this voltage, obtained from tha
uppar graph of Fig, 66, 1e 4.0 wm.

If the 150 volt supply is used, a higher relative output (3.1 volts)
ard drive level (8.5 mw) is indicated. If the sctual outrut {s to remain fixed
at 2.8 volts, the 5635 may be used at a B4 of 150 voltas if verious circuit
wodifications are made. This can bs accomplished Uy changing the bias resist-
ancem, load resistance, the capacitive ratio C,/ C,, or Cy.

Gensrally, it _s not desirable to vary the bias resistancs values.
The recommended circuit values should be used whore possible. However, Fig.

61 shows that for operation at ten megacycles, increasing the value of R

A amm o mam  m el e h B B e Bmdoren Vamwed Tos =ARAAL L o P P
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component variss sapproximsiely inversely with frequency, & higher value of

l. would be required at 7.0 mc. Unfortunately, for the purposs of the design
sxsmple used here, at ths required value of plate supply voltage, tha output
could only be reduced ezt thsa expense of an excessive increase in crystal drive
level. Inspection of Fig. 62 shows that this 1s aleo true of changes in LG

At a fixed Be vol tage, dacresses in the load resistance will dacrease
output and drive. Examinst.ion of Pig, 63 shows that the desired reduction of
ths cuipul voltegs may bde rbteined by reducing ths load resistance from the
reference value of .0,000 olms to two or three thousand ohme. However, the
design reguirements call fer a load of 5000 ohms. If this is to be maintained,
ancther me:hod of reducing output must be investigatad.

The capacitance ratio, 03/02, can be changed to obtain the desired
results. Bffects on performnance of this peramster ere shown in Pig. 65. Drew
a horisont~l line tixough t-he intersection of the output voltage cwrve and the
recommanded value of 03,132 * 6,2, This shows a relative output amplitude of
0,09 on the left scale, T~om Fig. &6 it is determined that a circuit using
the 5636 tube will have a relative output o 2,0 volts at a B2 of 108 volte,

A . . -
and thie outpul will incremss ¢

o by & fac s88) whan tne
plate supply voltags is increased to 150 vulte (the required value). To
obta’‘n the desired outrut mt 150 volts, the relaiive amniitude of Fig. 65
must be decreased by . s Mactor, or 0.09/1,55 = 0,058, For this relative
ampiitude, ihe required cemcity ratic 15 apwozimatsly 2.0 To determina
the actual values of capaclty required to obtain this ratio, the following
procedure applies.

The ratio c3/c2 = 8.0 and the value of Cy = 32 mxfd must be kept

conatant for thess crvstal units. By meping the combined capecitance of

APHMOUN TESTAROH FOUNET THON  OF tiL O S TRSTITUTE O'K TECHMNGLOGY
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C2 and 03 at the recommended value of 10,75 mmfd (= c;—.--e-;), C1 nesd not be
changed., Theref>re, solution of ths following squations will provide the
new valuwe for these two capacitoars.

CJNZ = 8.0

c,‘,c c
TG T TR, Co

Therefore, solution shows that Cy = 12.1 madd and 03 e 96,8 mafd. With these
values of ocspacity ar” . 5636 tubs opesrating at 150 volts Be, the circuit will
neve an output of 2,8 volts rms at a drive originally determined from Fig. 66,
in the range cf 2.0 to 5.8 mw to yield good stability.

Where ow drive level is a major consideration, reducing ths -»itput
voltage by the previously doscribed techniques will reduce the powsr dissipsted

in the arystal. For best frequency stadility a crystal unit should not be

operated at & minixm drive leverl, i.e.,

whare the oacillations are on the
verge of becoming erratic. This value is below a fow tenths of a milliwatt

for typical antiresonant units.

f. Additional Performance Characteristics

€

! veral other oscillator performance characteristics have been

determined snd xure presented here. Stability characteristics of ths Colpitte

r

vt ooV Pam &
-t A9 i

¢

sntire frequency range of interest. No appreciabls change in frecuency can
be noticed for a ¢10 percent changry in the filament voltage. Howaver, values
of Afb range from 0.5 to 1.0 ppm for 410 pesrcent change in Be; over a plats

supply voltage range of 100 to 250 volts, The effects of CB‘/C? on Af, are
AN MOUR RESHLARCH FOUNMLATION OF LL I MO s THETITUYE OF TECHNOLLGY
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shown 1in Pig, 6€,

Crystal unit specifications for this freguency rangs call for a
maximom dsviation from the nominal erywtal frequency of SO ppm throughout “he
temperature range of -55°C to +50°C. Changes from the msam frequemcy en-
countered for typical units are about 15 pmm. Circuit temperature—frequensy
variations, duos io temperature coefficients of the component parts, account

for some 20 ppm, and when combined with the maximuw crystal unit deviation,

totels leas than 70 prm. By including the effects of B+ and filament voltage
variations, the maximum deviation in frequency is raised to about 75 ppm.
However, under %iypical opsrating conditions, this figure 1s less than LO ppa.
Crystal and circuit frequency changes for tyrical operatiom at 10 mc are shown
in Plg. &7,

The actual opsrating frequency wiih respect to the antireson-—.
frequency of the crywtal unit is dependent on the crywtal load capacity. For
typical, commercially available cepacitors, ths circuit will operate within

fi{vs to ten parts per million of the antir :onant frequency.
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2. KIECTRON COUPLED COLPITTS OSCYLIATOR CTRCUIT - 0.8-20.0 me

The Blectron Coupled Colpitis antiresonant oscillator consists of
8 single pentode atage., The Sarsan grid 2cts 82 the neeillator anode and tine
outtut is obtainpd from a tuned coil in the plate circuit, effectively
isolating the oscillator ~~rtion of the circuit from changes ir. the load cirewit.
7n all other respects, this circuit is the sams as that of the Colpitts oscil-
lator discuseed in Part B.1.

a, Circuit Description

The circuit diagram of the Blectron Coupled Colpitts oscillator
operating in the 0.8 to 20 mc frequency range is shown in Pig. 68, Besides
"w valuss for which are indicated in ths figure, the other coll required ie
l.p, the plate tank inductance, Qenerally this coil is fixed tuned %o thae
desired frequency in combination with a variable capacitor in the plate ciroait,
The coil may be made tc resonate with the stray plate circuit capacitances;
however, the sise and Q of such a coil might be prohibitive. The values of

may bc detarmined from the discuss’on on "Initial Circuit

Cys Cpy and C

1’ 3
Aligrment Procedure,® Part B.l.a.

The rec oamended oscillator circuit uses a 6AGE miniatures vpentode
tub, with a nominal g of SOOC umhos. The load resistance is taken as 100K
ohms, A1l other resis=tance, byoass; and decoupling component value ' are shown
in Fig. 68,

b, Component and Circult Construction Detsils

The generai component types used in this circuit are described im
the first and third paragraphs of Par* A.1l.b, and Part B.l.c. The tube socket

is of the miniature seven pin phenolic type, with shield bLase,
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¢. Circuit Tuning Procedure

The only elements which are adjusted during circuit operation are
the plate tank circuit components. The circuit ia adjusted for peak output
by tuning % or cp, whichever 1s variable,

d, Circuit Performance Charactaristics

Performance curvex for ths Electron Couplsd (~lpitiy ~scillster
operating in the renges 0,8 to S.0 mc and 3.0 to 20.0 mc ars shown in Pigs, 69
and 70, respectively. The performance dus to component changes effected in
this circuit will follow the trends shown for the Colpitts oscillator, de-
scribed in Part B.l.d. and e,

e, Circuit Design Considsrations

Specific design examples for the Eleciron Coupled Colpitte oscillator
are not given here, since this is sssontially an extension of the design pro-
ceduree discussed in Part B.l.u. on the Colpiiiz sescillator., Certain charsc-
leristice of the Electron Coupled Colpitts oscillator must be mentioned,
howsver,

in crdesr W assurs the indspsndentces of the cweillatsr operation from
plate voltage variations, the plate supply voltage shoulld be made somevhat
larger than the scresn voltage. The difference between these two voltages
should be larger than the peak =wing of t&c ac output signal in order to
insure th the instantaneous plate voltage is always positive with respect
to the screen voltage,

In addition, greater isniation and frequency stability of the circuit

1

may be ~“tained by conmmcting thes sunnressor to a poaitive hias source, the

ARRC LB FE LART N POUKRDAY om0k e MO M sTHY UYL OF TECHNOLOG
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‘s the rlate circuit is tuned through resonance, the &vailable owtput
voltage is greccer by about 30 percent, when the suppressor grid ist ied to the
plate, rather than té a positive bias sowrce. However, for freguency change
with change in tuning, the plate conr3stinn results in & frejuency changs of
about 20 ppm, while the bias connecticn results in changes of only two or
tnrea varts per million.

f. Mdtioms)l Perfnrsance Charscteristics

Frequsnoy stability =2 45, giectron Coupled Colpittc orcillator with
changes in plate supply voltage is quite good, averaging less thar 0,8 pm
throughout the 100 to 250 volt + range. Frequency stability figures with
changes in filament euyply voltage are on the order of a few tanths of a part

per million,
Frequoncy stability with changes in temperature are comparable to

tha fisures nshtainad for Colpitts oscillator, discusmsed in Part B.1.f.
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3. THE MILLER OSCTLLIATOR CIKCUIT - 0.8-20,0 MC

The i:1lles oscillater consists of a triode or pentode amplifier
stage, whers feedback 1s accomplis™ . throigh the plate-to-grid capacitance.
In the case of p:u- de operai. ™, this capacitance is sael]l and usualiy neces-
sitztesr Lix addit.nn of phycical capeci'y for sufficisnt feadback. The required
20 or 2 =zfd crystsl load capacitance for typical military crystal units, is
composed of the grid-to-ground capacitance and the effects of tle plavc-to-grid
capacitance. The plate-to-grid capscitance is a function of the gain of the
tube because of the well known Miller efrect. The proper circuit phase condi-
tion for oscillations and best frequency correlation and stability occur when
the plate circui ¢tuning element is tuned to provide 70 percent of peak output
by decreasing capacitance or inductance so the resultant plate impedance is
inductive.

a. Circuit Description

The circuit diagram of the Miiler oscillator investigated for use
in the 0,8 t» 20,0 mc frequency range 1s shown in Fig. 71. The use of a pent-
ode in this circuit requires the addition of about five mmfd, 1o the grid-to-
plate capacitance for rroper operation.

The recommended circudt uses a SAUS miniatucre pentode with & nominal
transconductance of 5000 umhos. The load resistance is takern aw 100,000 ohms.
Dypess and decoupling componant values arz as shown in Fig. 71, The plato
tuning slement =ay ba an inductor, howaver, because of the physical sises
involved, it is advisable to umse a fized inductance shunted by a variabls
capacitor.

b. Compoent o Clecuiv Tonstruction Dotalls

(mneral comments on component selection ard circuit construction
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practices are containsd in the first and third paragraphes of Part A.1.b, and

in Part B.l.b,
¢. Initial Circuit Adjustment and Tuning Procedure

The basic adjustment of the circuit consists of obtaining the re-
quired crystal load caparitance. The strey canmacitance froa grid to ground
ig shouy 6 .afd for typical comswwction. This is padded by the additicn of
16 mafd to a totsl capacitance of about 22 nmfd. The plate-to-grid cspacitance
15 small and must bLe padded to cbtain the required result. With a grid-to-
visie gain of two which is typical for this circuit, this capacitance must
total five mmfd, and the crystal load will then be the necessary value of 32
mxfd. For mcre accurate determination of the capacitive load, another mathod
is used. The crystal is tested in a standard Crystal Impedance meter with
the proper capacitive load amd the frequency iz noted. When placed .n the
Miller circuit, tha capacities are adjusted to obtain the same frequency under
the recommmded tuning conditions.

Tuning of the circuit consiasts of adjusting the plate impedance for
an cutput of 7O percent of the peak reading, on tne :nductive side of tuning.

-~ . gy
d. Cirecuit Performancs Ch

Curves of output and crystal drivs versus frequency of operation for
the ranges 0,8-5.0 mc and 3,0-20,0 mc are shown in Figs. 72 and 73. These
graphs depict performarnw of a circuit having the component and circuit parsee-
ter YAluvss 1ndicet~d irn Fige 7i. Desiga information on ih
giver, since extensive investigation of the oscillator has not tesn made.
However, soms performance characteristics may be discussed. Certain circuit
parsmeters of the Miller oscillator have effects on performance similar to

those

tts ocscillator, Timse inciude the valuea of R‘(’ KF' and
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RL. A review of Part B.l.e. specifically thoss - wragraphs referring 30 circvit
¢¢ Ppoment variations, shorld be made.

The stadility of tne eircult with 410 percent changes in iie 5
veltage averages lea? then a 7~ e B (03 2o the vranmm of nlels o ol
voltagas used, ard is typical for the frequency rangs. Correlation [igures,
howmaver, depand on the value of the crystal loed capacitance and may vary
socording ¢o the accuracy with which this puramstcr is eelscted. Preowancy-
emperstwme variaticne sre comparab ¢ to thove discussed for the Colpitts
sseillator in Part B.l.f.
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